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CHAPTER 1
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1. Study the past to understand the present and predict the
future
The present is a snapshot after a long history of environmental change. A main focus of
attention in current society is how to answer the many questions concerning the
implications of future environmental change. Numerous studies focus on predicting how
species and communities will respond to future climate changes, and climate modellers
vigorously try to understand the modern climate to predict how we can expect it to change
in the future. However, the short timeframe of ecological and meteorological research does
not provide enough information to make reliable long term climate projections. Therefore,
evidence from older records that go beyond the time frame we consider “the present” are
extremely valuable. The past is used to improve our ability to predict the responses of
biological systems to future environmental change.

The ‘paleo’-ecology (Greek palaio-, from palaios, ancient; from palai, long ago) is the ecology
of the past (Birks and Birks, 1980). Or more specifically, it is “the branch of ecology that
studies (the) past (of) ecological systems and their trends in time using fossils and other
proxies” (Rull, 2010). The paleoecological studies can be focusing on any moment in the
past (ranging from hundreds to millions of years ago) and therefore forms a strong link
between ecology and geology. The paleoecology aims at reconstructing the biota that lived
in the past (plants and animals); reconstructing the assemblages and ecosystems that
ocurred in the past; reconstructing the past landscapes; reconstructing past environments,
including climate and possible human impacts.
To reconstruct past environments and species distributions, paleo-data are derived from
animal and plant remains. When climate changed in the past, vegetation responded and this
is reflected by changes in their abundance, geographic extent, and floral composition of
plant associations. Pollen grains produced by these associations are captured and
preserved in lake sediments and peat bogs. Paleoecologists make thankful use of these
natural deposits. Recovered sediment cores reveal temporal changes in many different
biological and physical proxies. Biological proxies include pollen grains, diatoms, shells and
beetles, among others.
Most paleoecological evidence is derived from the Quaternary, covering the past 2.58
million years (Gibbard and Cohen, 2008). Pollen of flowering plants are the most abundant
fossils found in lake and peat deposits. Changes in fossil pollen assemblages are interpreted
in terms of past changes in vegetation while past environmental and climate conditions are
inferred based on our knowledge of current species distribution.
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2. Regional fossil pollen databases
Computers, internet and online data deposits have facilitated the ability to assemble large
amounts of data. Thousands of pollen records have been collected globally (Fig.1) and
are currently being incorporated into the global NEOTOMA paleoecology database
(www.neotomadb.org). Multi-site analyses of records of past vegetation change address
questions about past distributions (Jansson, 2003), species migration, intrinsic changes
in vegetation composition, and extrinsic ecosystem responses to climate change (e.g. Willis
et al., 2010; Dietl and Flessa, 2011; Williams et al., 2011). Compilations of paleodata
are furthermore important for paleoclimatic reconstructions that need data to both
improve climate models and to validate model output.

Fig. 1. Pollen sites. Red dots: currently included in the NEOTOMA Paleoecology Database, blue dots:
African Pollen Database, yellow dots: known records but not yet included in Neotoma (after: Grimm et
al., 2013).

During the past four decades, the dynamic history of Andean ecosystems of northern South
America was intensively studied by the palynology research groups of Thomas Van der
Hammen and Henry Hooghiemstra. Initially, pollen studies were concentrated in the
mountain region of Colombia, but were later extended to the lowlands, exploring not only
paleoenvironmental conditions in the region, but also important ecological and
biogeographical issues, such as unravelling the Amazonian forest refugia hypothesis (e.g.
Hooghiemstra and Van der Hammen, 1998; Hoorn et al., 2010) and the impact of the
Intertropical Convergence Zone (e.g. Van der Hammen and Hooghiemstra, 1995). Recent
pollen studies have contributed to upper forest line reconstructions in Ecuador (Wille et al.,
2002; Moscol-Olivera and Hooghiemstra, 2010), past mean annual temperatures
reconstructions (Groot et al., 2011), and methodologies to estimate past biodiversity (Weng
et al., 2006; Hoorn et al., 2010).
- 9 -
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Importantly, the University of Amsterdam (UvA), and specifically the Research Group of
Paleoecology and Landscape Ecology at the Institute of Biodiversity and Ecosystem
Dynamics has long been the ‘basecamp’ of the Latin American Pollen Database. The
initiative to compile a database of pollen records from Central America, South America and
the Caribbean was first launched in 1994 by a research group headed by Vera Markgraf
(University of Colorado, US). In 1998 its management moved to the UvA producing in 2009
an overview paper among an international group of collaborators (Marchant et al., 2009).
Unfortunately, the database received no further updates after the project ended in 2003.

Through the support by three grants from the Hugo-de-Vries-Foundation (Van Boxel and
Flantua, 2009; Flantua and Van Boxel, 2011a; 2011b), the new search for studies was a
great success: The new inventory of pollen records showed a number of pollen records
much bigger than expected. In the database from 1997, c. 460 sites had been identified; by
2011, I had recovered the metadata from c. 1100 pollen sites and was still working through
new publications. This updated Latin American Pollen Database provided exactly the
necessary information to develop new research objectives within tropical paleoecology
based on the development of multi-site and multi-disciplinary studies.

3. Updated Latin American Pollen Database poses new spatial
questions
Compiled data opens a new world of questions that previously were impossible to address
by looking at individual records. Having an increasing number of pollen records enhances
the ability to produce maps and improves the ability to interpret spatial patterns of
temporal change.

There are four main fields of questions that can be raised when temporal data, such as fossil
pollen records, are analyzed in a spatial environment, namely: location, conditions, trends
and patterns. Combining these questions often results in the baseline information or
hypothesis development for spatial modelling that rely on datasets, identified patterns and
hypothesis to test through advanced models.
Below these spatial analysis questions are further specified in the light of the research
questions posed by this thesis:

A. Location: This is the principal spatial question of ‘what is located where’. This
information covers the question on the availability and distribution of data for further
research. It has a strong exploring and describing approach. In this thesis, I address the
following questions aimed at describing locational features:
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1) What is the spatial and temporal availability and distribution of paleoecological
research done by fossil and modern pollen studies in Latin America? (Chapter 2)
2) Which regions are represented frequently enough in the LAPD to obtain statistically
sound vegetation dynamics interpretations? (Chapter 2)

B. Condition: Through the use of metadata from each site, additional questions can be
raised on the fulfilment of certain ‘conditions’ of interest. In this case, I focus on
chronological conditions as a measure of uncertainty before spatial mapping should
take place. The following question is addressed in this thesis:
3) What is the temporal uncertainty of the Northern Andes and which periods are best
suitable to create spatially continuous land cover maps? (Chapter 3)

4) Does the temporal resolution of the multi-site synthesis allow research on submillennium-scale climate variability? (Chapter 3)

C. Trends: This aspect of spatial analysis combines information on both location and
condition, integrated into questions that focus on identifying changes over time
between sites. Here a spatial perspective is given to a temporal dataset and
comparisons among sites are done in a temporal manner. The following questions on
trends are addressed in this thesis:
5) Which time periods show synchronous responses of pollen associations and are there
regional differences? (Chapter 4)

6) Is data from palynological site studies suitable for implementation into GIS, where it is
synthesized to create spatially continuous maps of past land cover? (Chapter 5)

D. Patterns: The spatial patterns analysis I propose to address in this thesis is the
assessment that brings the pollen data into relation with other spatial information, for
example with climate and topography, and produces new outcomes from the initial
dataset. The following chapters use fossil pollen analysis in a spatial environment to
support and better understand questions raised by other disciplines. In this case much
emphasis is put on understanding mountain biogeography and specifically, to integrate
paleoecological reconstructions on the Pleistocene into a multidisciplinary
framework. Here, the following research questions are raised:
7) How do the landscape features in mountains influence the distribution of plant
associations under different climate conditions? (Chapter 6 and Chapter 7)

8) How is contemporary mountain biodiversity influenced by the spatial and temporal
dynamics of plant associations during the Pleistocene and specifically in terms of
‘historical connectivity’? (Chapter 7 and Chapter 9)

- 11 -
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9) How is contemporary mountain biodiversity influenced by the spatial and temporal
dynamics of current climate and deep time geology? (Chapter 8)

4. Outline of the Thesis
The general aim of this thesis is to study the temporal and spatial responses of biomes to
Pleistocene climate change in Latin America, with the specific aim of creating spatial
reconstructions based on fossil pollen records. I provide a combination of spatial and
temporal analysis of pollen data in northwest South America, a sub-region of the LAPD,
using multi-site and multi-disciplinary integration. I aim to establish a baseline database to
foster further research, while revealing the heterogeneity of biome responses to past
climate change. Additionally, in this thesis I show the added value of landscape assessments
in Geographic Information Systems (GIS) to model past distribution of biomes. The chapters
are organized as followed:
The first chapter (Chapter 2) has a strong location driven approach where the information
from the updated Latin American Pollen Database is synthesized. Information from multiple
records is compared and an overall view of paleoecological research from Latin American
pollen studies is provided.

Chapter 3 emphasises the temporal uncertainty as a condition to select a site to a) support
more robust quantitative paleoenvironmental reconstructions and b) ensure reliable
estimates of the associated uncertainties. For multi-site and multi-proxy comparison, it is
important that environmental signals can be identified correctly in multiple records
(Seddon et al., 2014). Therefore a method is proposed that provides an additional condition
variable that can help identify pollen sites with a certain temporal uncertainty threshold.

In Chapter 4, pollen records from South America are compared and synthesized in more
detail and combined with climate data to identify spatial and temporal trends. The past
2000 years is depicted as the period of interest and a set of conditions on chronology and
resolution define the dataset presented. This chapter is structured around climate and
vegetation dynamics, but also highlights the human-environment interactions.

Chapter 5 and Chapter 6 focus on the spatial expansion and contraction of biomes over
time, testing different methods of biome mapping or pattern analysis. Chapter 5 is based
on fossil pollen records in the lowlands of Colombia, while Chapter 6 implements a
different kind of method for biome mapping in the Andes. The case studies presented in
these chapters support insights into the opportunities and challenges set for paleo-mapping
of fossil pollen records.
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Chapter 7 and Chapter 8 focus on mountain biodiversity over long time-scales as the
conceptual framework for Chapter 9. These chapters also make the step from the previous
late Quaternary assessments from the previous chapters to a longer timeframe, namely the
Pleistocene. Chapter 7 highlights the Northern Andes as a strong case study area where
long fossil pollen records can provide insights into the Pleistocene dynamics and
consequent build-up of biodiversity. Several new conceptual figures support the hypothesis
proposed in this chapter that historical connectivity has been an undervalued contributor
to contemporary species richness. Chapter 8 provides an overarching bridge between the
Northern Andes in perspective with other mountainous regions around the world, aiming at
understanding the relationship between geology, climate and biodiversity on geological
time scales.
The final Chapter 9 strongly aims at testing the conceptual framework presented in
Chapter 7 and to further specify conclusions presented in Chapter 8. Here, reconstructions
of Pleistocene species dynamics are presented in which the landscape structure of páramos
in space and time is modelled. The link between paleoecology and phylogeography is
emphasized, with a focus on integrating knowledge to improve our understanding of the
biogeographical history
history of
of the
the Northern
Northern Andes.
Andes.It Itaims
aimsat atproviding
providing an enhanced
understanding of ecological and evolutionary dynamics explaining the high species richness
of the Northern Andes by using long fossil pollen records.
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PREFACE
This chapter has been published as follows:
Flantua, S.G.A., Hooghiemstra, H., Grimm, E.C., Behling, H., Bush, M.B., González-Arango, C.,
Gosling, W.D., Ledru, M.-P., Lozano-García, S., Maldonado, A., Prieto, A.R., Rull, V., Van Boxel,
J.H., 2015. Updated site compilation of the Latin American Pollen Database. Review of
Palaeobotany and Palynology 223, 104–115. doi:10.1016/j.revpalbo.2015.09.008. Open
access.
This chapter sets the baseline of information needed to develop synthesis questions that
start with ‘what is located where’ (location analysis).

The chapter is the result of several years of metadata-collection on research done on fossil
pollen records and modern pollen samples. During the period of 2009 until 2014, an
extensive search was performed to recollect publications on pollen data from Central and
South America, the Caribbean and Mexico. Until now, the spatial extend of fossil pollen
research was uncertain in the Neotropics or overviews were outdated. From the newly
created literature database, relevant ‘metadata’ information (descriptive data on the
dataset) was extracted, such as data on location, vegetation settings and chronologies. In
this chapter I present a systematic overview compilation of palynological research in Latin
America, assessing both spatial and temporal availability. It provides a detailed overview of
the availability of data throughout the region and describes from a synthesis perspective
the patterns and tendencies of research topics through time.
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a b s t r a c t
The updated inventory of the Latin American Pollen Database (LAPD) offers a wide range of new insights. This
paper presents a systematic compilation of palynological research in Latin America. A comprehensive inventory
of publications in peer-reviewed and grey literature shows a major expansion of studies over the last decades.
The inventory includes 1379 cores and sections with paleoecological data and more than 4800 modern samples
from throughout the continent. Through the years, pollen datasets extend over increasing spans of time and
show improved taxonomic and temporal resolution. Currently, these datasets are from 12 modern biomes and
30 countries, covering an altitudinal range of 0 to 6300 m asl. The most densely sampled regions are the
Colombian Andes, the southeast coast of Brazil, and Patagonia. Underrepresented biomes are the warm temperate mixed forest (3%), dry forests (3%), and warm temperate rainforest (1%); whereas steppe, tropical rainforest,
and cool grass shrublands, such as the páramos, are generally well represented (all N17%). There are 126 records
that span the late Pleistocene to the Last Glacial Maximum transition (21,000 cal yr BP), and N 20% of the records
cover the Younger Dryas interval and the Pleistocene/Holocene transition. Reanalysis of numerous sites using
multiproxy tools emphasize the informative value of this approach in paleoenvironmental reconstruction. We
make suggestions for several pollen sites and regions to be visited again; similarly we identify some key research
questions that have yet to be answered. The updated LAPD now provides the platform to support an exciting new
phase of global palynological research in which multi-site data are being integrated to address current cuttingedge research questions. The LAPD compilation of sites and the literature database will be available through
the Neotoma Paleoecology Database website and a new LAPD website by the end of 2015.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
1.1. Global pollen databases
Although analyses of individual sites remain crucially important and
are the basis of all integrative studies, pollen analysis is moving from an
emphasis on single-site analyses to multisite integrative analyses and
⁎ Corresponding authors.
E-mail addresses: S.G.A.Flantua@uva.nl (S.G.A. Flantua), H.Hooghiemstra@uva.nl
(H. Hooghiemstra).

the generation of spatial
spatial summaries
summaries of
of ecosystem
ecosystem dynamics
dynamics (Bradshaw,
(Bradshaw,
2013). Integration
2013).
Integration of multi-site
multi-site and multiproxy
multiproxy data
data facilitates
facilitates investigainvestigation of a range of key research questions, such as response lags (Seppä
2003), the direction
and Bennett, 2003),
direction and rates of species
species migration
migration and population expansions
(Blois et al., 2011),
ulation
expansions and contractions
contractions (Blois
2011), acclimation
acclimation and
eventual microevolutionary adaptation (Feeley et al., 2012), ecological
resilience (Willis et al., 2010), asynchronous ecosystem responses to
(abrupt) climate change (Kohfeld and Harrison, 2000), microrefugia
(Rull, 2009; Mosblech
Mosblech et al., 2011; Collins et al., 2013),
2013), and no-analog
no-analog ecosystem formation (Williams and Jackson, 2007; Correa-Metrio et al.,
2012). Furthermore, a continent-wide overview of sites highlights
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available data for both generating and answering research questions
(Seddon et al., 2014). Therefore, global databases of environmental data
from the past and present will become increasingly important for enabling new research directions, to facilitate large accessible archives and
collaborative thinking between research groups.
1.2. Regional pollen database of Latin America
The lack of a comprehensive inventory of pollen sites from “Latin
America” (Caribbean region, México, and Central and South America)
has inhibited synoptic studies of the region and has caused an unawareness of the spatial and temporal coverage potentially available for
global-scale assessments (Kohfeld and Harrison, 2000; Gajewski,
2008; Bartlein et al., 2011). After the Latin American Pollen Database
(LAPD) was initiated in 1994, it passed through several institutions, to
ﬁnally reappear again without new updates in 2007, when it was incorporated into the Neotoma Paleoecology Database (www.neotomadb.
org; Grimm et al., 2013). Beginning in 2014, new data contributed by individual investigators was added to LAPD/Neotoma; however most of
the LAPD data in Neotoma are from a 2002 version of LAPD. It is important to present the full extent of the growing palynological efforts in
Latin America so that the potential for continental-scale synoptic
studies can be assessed and researchers are aware of the available
data for inclusion in their research. A comprehensive and updated
database would be also useful to better address the origin and temporal
evolution of “Latitudinal Diversity Gradients,” as well as to analyze the
relationships between pollen diversity and vegetation diversity in
time and space. Finally, it is important to have identiﬁed those areas
where sampling effort should be focused in the near future so as to complete the picture of different biotic and climate dynamic changes.
1.3. Aims of paper
The aim of this paper is to present an updated inventory and synthesis of palynological sites in Latin America, identifying spatial patterns,
research tendencies and potential research opportunities. Unique and
contrasting ﬁndings are highlighted and metadata are summarized.
The objectives of this paper are to stimulate collaborative palynological
opportunities, foster intra-, and inter-database comparisons, and apprise the best available data for multidisciplinary research.

2.1.2. Description of the data compilation
As a ﬁrst step to updating LAPD and for developing a plan for acquisition of new data, we have developed an inventory of existing data for
potential incorporation into LAPD. We carried out an exhaustive search
for published pollen datasets and compiled the following metadata: site
latitude-longitude coordinates and altitude, proxies analyzed, chronological control, and estimated time range covered. The inventory
includes both paleodata and modern pollen samples and data from terrestrial and marine environments. Although historically LAPD has
focused on the Quaternary period, the new inventory also includes pollen records from the Pliocene and late Miocene, especially long records
that also span the Quaternary. Direct access to Colombian universities
facilitated the addition of “grey” literature (including Master and Ph.D.
theses and unindexed national journals). The inventory of such
resources from other countries is limited to that revealed by digital
resources, and is less exhaustive than that available from Colombia.
Thus, opportunity exists in other countries to inventory more datasets
from these kinds of publications. Therefore we emphasize the opportunity to extend the compilation provided in this paper based on unpublished literature.
2.2. Spatial and temporal assessment of the LAPD
2.2.1. Paleomapping
Across Latin America, investigators have employed various
techniques to elucidate emergent properties from spatial arrays of
pollen data, including i) isopollen maps of modern pollen samples
(Paez et al., 2001; Hooghiemstra et al., 2006; Tonello and Prieto, 2008;
Urrego et al., 2009), ii) translation of pollen data into biomes
(Marchant and Hooghiemstra, 2004; (Marchant et al., 2002, 2009),
iii) quantitative climate reconstruction combining modern pollen assemblages and modern climatological data in a pollen-climate training
set (Punyasena et al., 2008; Tonello et al., 2009; Tonello and Prieto,
2010; Schäbitz et al., 2013) and iv) CO2 concentrations in paleoatmospheres (Boom et al., 2002; Beerling and Mayle, 2006). More
advanced geographical information system (GIS) modeling tools or dynamic vegetation models were used for species and biome distribution
mapping for the Guyana highlands (Rull and Nogué, 2007), Amazonia
(Beerling and Mayle, 2006), Yucatán peninsula (Carrillo-Bastos et al.,
2012), and the Colombian lowlands (Flantua et al., 2007) and highlands
(Flantua et al., 2014).

2. Methods
2.1. Database compilation
2.1.1. History of LAPD
In 1994, Vera Markgraf at the University of Colorado (USA) started
an open database of Latin American pollen data. During the period
between 1998 and 2003, management of the LAPD was based at the
University of Amsterdam, where Robert Marchant served as coordinator. Among numerous papers by Marchant and collaborators two are
key for this paper. One was a synthesis of the distribution and ecology
of taxa in the LAPD (Marchant et al., 2002), and the other was pollenbased biome reconstructions for Latin America (Marchant et al., 2009).
The version of the LAPD in Amsterdam ultimately incorporated about
500 pollen sites, including data from cores, archeological, cave and
alluvial sites and surface samples and sites from Central America, the
Caribbean, and South America. However, this database was never publicly available. Through the NOAA Paleoclimatology website and several
workshops, the idea of sharing data was promoted, especially before
data become lost or abandoned over time (Michener et al., 1997). Active
management of LAPD at Amsterdam ended in 2003, and no further
updates were made to the website and related database. Meanwhile,
publication of new data from Latin America has accelerated, and the
current LAPD is outdated, a common problem of shared databases
(Costello et al., 2014).

2.2.2. Spatial metadata
The geographical extent of the inventory was conﬁned between
latitudes 32°N to 63°S and longitudes 30°W to 116°W. For many sites,
especially those published before 1980, accurate locational information
is not available, but insofar as possible, the published geographic coordinates were recorded. Signiﬁcant discrepancies in published descriptive
locations and latitude-longitude coordinates were checked, for example
sites with coordinates in the wrong country or terrestrial sites with coordinates in the sea. In such cases, other references and Google Earth
were consulted where possible to obtain estimated coordinates. Most
modern samples have excellent metadata for their location with the advent of Geographical Positioning System (GPS) and online mapping
tools such as Google Earth. Published altitudinal data have not been
adjusted even if coordinates were incorrect (a typo in a longitude or
latitude coordinate does not necessarily imply an error in altitude).
Here again, the pre-GPS altitude assessments were often based on
altimeters that could drift in accuracy by N100 m during a day.
The temporal coverage of datasets was recorded as published without further evaluation of radiocarbon accuracy. Sites were categorized
into broad time bins, including the last glacial cycle (300–50 thousand
calibrated years before the Present, here indicated as 300–50 ka), the
transition of the Last Glacial Maximum (LGM; 22–20 ka), the Holocene
(12–10 ka), and the period of most recent human impact (2–0 ka). The
latter time bin is currently of speciﬁc interest at a global scale (PAGES-
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2

2k Consortium, 2013) and regional scale (http://www.clim-pastdiscuss.net/special_issue88.html). With increasing age, fewer sites are
available and the need to interpolate across larger areas increases.
Consequently spatial uncertainty for paleomapping is ampliﬁed by
spare data. To provide a ﬁrst indication of spatial uncertainty, we
estimated the “nearest neighbor index” (Clark and Evans, 1954),
which compares the expected (random) to the observed geographical
straight-line distances between the terrestrial sites. If the ratio of the observed distance divided by the expected distance is less than 1, the pattern exhibits clustering; if the ratio is greater than 1, the trend indicates
dispersion. The nearest neighbor analysis are performed using ArcGIS®
and ArcGIS 10.1™ software (Esri, 2012), and the extensions ArcGIS
10.1™ Spatial Statistical Tools and the Geospatial Modelling Environment Version 0.7.2.1 (Beyer, 2012). Sites with same coordinates were
removed.
2.2.3. Geochronologic database of the LAPD
Mapped syntheses are critically limited by the accuracy and preci14
sion of C ages (Grimm and Jacobson, 2004; Giesecke et al., 2012;
Flantua et al., 2015a), especially for those aimed at assessing the synchrony of change across a region. In this ﬁrst phase of temporal assessment, we evaluated only the “age control density” for each dataset. This
14
210
score indicates the density of the geochronologic ages ( C, Pb, Useries, etc) along the total core length and is quantiﬁed by dividing the
length of time represented by the sedimentary sequence by the number
of geochronologic ages. The density of ages was calculated using the
original author-reported age controls. Sites (n = 97) with only one geochronologic date were excluded.
2.2.4. Additional metadata
If the publication named the biome in which the site occurred, that
biome was recorded. If no speciﬁc biome was named, a biome was
assigned as per Table 1 from Marchant et al. (2009). Datasets were
categorized as monoproxy if they included only pollen data or
multiproxy if other biological, physical, or chemical data are available.
Figures throughout this paper were created using ArcGIS® software by
Esri (2012).
3. Results

Table 1
Number of pollen sites per country and per LAPD version. Indicated are the number of
modern pollen sites as a total and only sites with known coordinates. In case of paleoecological sites, only a few sites remain without coordinates. Countries are in alphabetic order.
(1) Marchant et al. (2002). (2) Authors are aware of the ongoing disagreement on territory,
so no speciﬁc country is assigned.
Country

Antarctica
Argentina
Bahamas
Barbados
Barbuda
Belize
Bolivia
Brazil
Chile
Colombia
Costa Rica
Cuba
Dominican
Republic
Ecuador
El Salvador
French
Guiana
Grenada
Guatemala
Guyana
Haiti
Honduras
Mexico
Aragua
Panama
Peru
Surinam
Trinidad y
Tobago
Falklands
Islands/Islas
Malvinas
Uruguay
Venezuela
Total

LAPD 2014

LAPD 1999

Modern –
Total

Modern –
Paleo – Paleo –
Modern Paleo
known
Total
unknown
coordinates
coordinates

1032
130

102

2
28
253
280
432
873
118
100
49

2
28
163
68
146
273
57

265

117

107

18

365

174

210
182

18
77

48

1
190
3
1
15
19
40
189
261
243
29
3
5

1

1
1
1
1
1

71
3
4
3
41
4
2
3
120
2
15
32
2
4

33

6

12

45
313
4817

45
70
1412

3
62
1379

1
1

52

1
39

1
18
3
5
38

1
19
40
87
137
12

10

21

5

5
3

35
1

9
4

7
13

1

11

5
151

24
455

2

1
1
19

3.1. Spatial assessment of the LAPD
3.1.1. Spatial coverage
The density and the spatial distribution of pollen sites over a
geographical region are important variables for paleomapping and spatial interpolation. The LAPD inventory comprises datasets from 30 countries, including 4817 modern pollen surface samples (Fig. 1A) and 1379
paleo-datasets (Fig. 1B). Surface-sample coverage in terms of density of
samples and representation of biomes is especially good from Argentina
(21%), Colombia (18%), and Chile (9%) (Table 1). A limitation, however,
is that although published surface-sample datasets often include a large
number of samples, precise geographical coordinates are not always
provided, in which case, a number of points may be assigned identical
latitude-longitude coordinates and are mapped as single point in
Fig. 1, e.g. in the Cordillera Oriental of Colombia (Grabandt, 1985),
Venezuelan Andes (Rull, 2006), and Tierra del Fuego (Heusser, 1989).
Differences with previously announced LAPD versions (Flantua et al.,
2013) are owing to continuous updates and revisions of literature. The
long history of paleoecological research in Latin America contributes
to the impressive number of paleo-sites investigated, particularly
from Chile (19%), Colombia (18%), Argentina (14%), Brazil (13%), and
Mexico (10%). Palynological research at fossil animal middens (n =
88) contributes to the large amount of paleo-sites in Chile. New countries to the database are mainly from the Caribbean (e.g. Cuba and
Haiti) and Central America (mainland Honduras and El Salvador). The
density of sites is especially high in central and southern Mexico, the

Colombian Andes, the region of Lake Titicaca in Peru and Bolivia,
the southern pampas of Argentina, and the southern Patagonia of
Argentina and Chile. Paraguay and Jamaica are not represented in
the inventory. The sites are widely distributed in altitude (Fig. 2),
from the lowlands of Mexico to the high Andes, with the highest
sites in Peru and Bolivia between 10–20°S. A majority of sites (58%)
lie below 1000 m asl especially in Brazil, Chile and Argentina, although
in terms of proportionate areal coverage, high altitudes are better
represented.
The inventory includes 38 marine records, the earliest of which
are distributed from the northern and southern Atlantic Ocean
(Venezuela: Muller, 1959; Argentina: Groot et al., 1965) to the Paciﬁc
Ocean (Costa Rica: Horn, 1985; Ecuador: Heusser and Shackleton,
1994). Recent marine cores from the Cariaco basin in the Carribean
(68 ka: González et al., 2008), western Patagonia (22 ka: Montade
et al., 2012, 2013), and the Panama basin in the Paciﬁc (40 ka:
González et al., 2006) provide insights on terrestrial environmental
changes during the last glacial interglacial cycle.
3.1.2. Spatial distance assessment
The nearest neighbor index of the LAPD is b 1 for all time bins, indicating clustering of sites at all times. At 0 BP, mean nearest neighbor
distance is 67 km; whereas at 50 ka, the mean distance is 218 km,
with only 145 sites available older than 25 ka (Fig. 3A). Thus, with
increasing age, the density of sites decreases, while the degree of
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Fig. 1. Sites (cores and sections) in the 2014 Latin American Pollen Database. (A) Modern pollen rain data from core tops, traps and surface sediments shown in red dots. (B) Drilled cores
and exposed sections are shown in blue triangles.

uncertainty for paleomapping increases. At the Pleistocene–Holocene
transition (11.6 ka), mean distance is higher in the central regions of
Latin America and the Amazon basin compared to the Colombian
Andes and Southern Chile and Argentina. Most sites (n N 800) include
the last two millennia, while
while the
the LGM
LGM (n
(n ≅≅ 120)
120) and
and Pleistocene–HoloPleistocene–Holocene transition (n ≅ 310) is represented in smaller numbers of datasets
(Fig. 3B). Time control for some datasets is uncertain, however, because

14

of few C or other geochronological control. In some regions, scarcity of
suitable depositional environments for pollen accumulation contributes
to low density of sites. In particular, the Amazon lowlands are scarce in
LGM records (Ledru et al., 1998). The studies by Colinvaux et al. (1996),
Burbridge et al. (2004), Mayle et al. (2007), Whitney et al. (2011) and
Hermanowski et al. (2012) stand as the few long records available
from the lowlands. Additionally, marine cores by Haberle and Maslin
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0.5 %

Elevation (masl)

5000
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Fig. 2. Distribution pattern of all sites, including modern pollen rain sites and cores and sections lodged in the LAPD organized by latitude and elevation. There are no known coordinates for
Surinam and marine cores not shown. Negative values indicate southern latitudes.
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Fig. 4. Number of absolute geochronologic dates ( C, tephra, U-series, Pb) in a pollen
record. Ages derived from biostratigraphy and cyclostratigraphy are not considered.

30) and uranium series dates (n = 6). Relative chronologic controls,
such as biostratigraphic dates, were not included. During recent years,
the number of ages used for stratigraphic age models has trended upwards; since 2010, the mean and median number of dates per published
age model is ﬁve
ﬁve and
and three,
three,respectively
respectively(Fig.
(Fig.4);
4); however,
however, the number
varies widely, between 1 and 50. Wide variation in dating resolution has
important implications for paleomapping (Fig. 5).
5).
Publications report geochronologic metadata inconsistently. Important details are often missing, including material dated, laboratory
number, calibration curve and program, and age modeling algorithm.
Some publications report only the calibrated ages and not the original
14
C ages reported by the laboratory. Other publications only present
the dates or age models graphically. Missing geochronologic data and
metadata complicate efforts to evaluate dating accuracy and precision,
which is necessary for synoptic multi-site analyses (Flantua et al.,
2015a). For example, if a study is trying to assess climate change during
the Younger Dryas interval, it is important to know how secure the dating for this interval is, as errors of a few hundred years could be consequential. Another important issue is that published age models are

Fig. 3. (A) Spatial and temporal distribution of fossil pollen samples over Latin America for
the selected intervals: 2–0 ka BP, onset of the Holocene at 12–10 ka BP, the LGM at 22–
20 ka BP, and the long Quaternary records (300–50 ka BP). The length of the bars of the
latter sites represents the relative length of the record in time. (B) The number of fossil
pollen sites available at different time frames is shown at the left axis. The right axis
shows the “nearest neighbor distance” over time indicative of the degree of uncertainty
for paleomapping based on the spatial distance.

(1999) and Hoorn (1997) were explored
explored ﬁlling
ﬁllingthe
thevoid
voidon
onour
ourunderunderstanding on long term climate change dynamics of the Amazon basin.
The sites with the longest continuous records are located at higher
altitudes in Colombia (284 ka in Lake Fúquene: core Fq-9C; 2225 ka in
paleolake Bogotá: core Funza09) and Bolivia (151 ka in Lake Titicaca:
core LT01). From lower elevation, El Valle in Panama (Bush and
Colinvaux, 1990) stands out with a record extending to ~ 150 ka, as
well as Colônia CO3-1in Brazil (Ledru et al., 2005) and Lake Petén-Itza
in Guatemala (Correa-Metrio
(Correa-Metrio et
etal,
al,2013),
2013),100
100ka
kaand
and 85
85 ka
ka respectively.
respectively.
The Cariaco record (68 ka, González et al., 2008) is an example of an exceptional regional reference for the palaeoeclimatology of the area, and
also as a chronological landmark for its annualy laminated sediments
(Hughen et al., 2004) that have been used to calibrate the worldwide
14
14
CC database
database (Reimer
(Reimer et
et al.,
al., 2013).
2013).

3.2. Temporal assessment of the LAPD
The new LAPD inventory contains 5003 chronological controls from
1062 sites (some sites contain multiple records) including tephras (n =

Fig. 5. Age control density per pollen record showing the number of ages relative to the
length of time period represented by the pollen record sequence.
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based on different versions of the radiocarbon calibration curve, which
has been updated every few years. To ensure comparability for synoptic
studies, age models may need to be updated to the current calibration
curve, for which sufﬁcient data must be available for updating age
models and chronologies. This exercise has recently been presented by
Flantua et al. (2015a) for the northern and central Andes within a
framework of a newly composed LAPD geochronologic database. Suggestions for the data needed for reconstructing chronologies can be
found in Blaauw (2010), Buck and Millard (2004) and Grimm et al.
(2014). The need for protocols on procedures for constructing chronologies is imperative and has become the focus of attention of different international workgroups, e.g. Neotoma Paleoecology Database (Grimm
et al., 2014)
2014) and
and the
the project
project Integration
Integration of
of Ice-core,
Ice-core, Marine
Marine and
and TerresTerrestrial records (INTIMATE; Blockley et al., 2012).
3.3. Publications, proxies, and biomes
3.3.1. Publications
The LAPD inventory includes over 1200 publications published prior
to April 2014 or known to be in press (Figs. 6; 7). Of these, 58% were
published since 2000 with the peak years being 2010 and 2012, with
66 and 67 publications respectively. We expect to ﬁnd more studies
published in 2012–2014. Receiving early attention in the 1960s and
1970s were the Patagonian lowlands, the Amazon basin, and the high
Andes, which are still foci of investigation. Early palynologists worked
on pre-Quaternary and Quaternary sediments in the course of oil
exploration (e.g. De Boer et al., 1965; Germeraad et al., 1968); early
compilation by Archangelsky (1968). Islands and their unique biogeography have attracted attention, including the Easter Islands (Flenley and
King, 1984; Cañellas-Boltà et al., 2013), the Galapagos (Colinvaux, 1972;
Restrepo et al., 2012), and the Falkland Islands (Barrows, 1977). In the
past decade, the Brazilian coastal region and the Caribbean islands
have received increased investigation. Few studies exist from the arid
zones of Chile and Argentina mainly because the absence of lakes or
strong reservoir effect on sediments from highlands such as Altiplano
lakes. However, pollen from rodent middens (e.g. Markgraf et al.,

1997; Maldonado et al., 2005) provide a basis for reconstructing the
climate and environment of the driest zone of the Atacama desert
(Chile) for the past 55 ka. Midden studies have been carried out primarily in northern Chile and Argentina but have potential in other arid
zones such as eastern Brazil.
3.3.2. Multiproxy studies
A developing trend has been the shift from monoproxy to multiproxy
studies (Fig. 8). Since 2000, about half of all papers report multi-proxy
analyses
analyses compared
compared to
to about
about aa ﬁfth of all papers in the 1990s (Fig. 9). In
addition to pollen, charcoal and physical sedimentology have been the
most common additional proxies; however, studies of 3 to 4 proxies
are not uncommon (e.g. Conroy et al., 2009; Enters et al., 2010; Vriend
et al., 2012;
2012; Ledru
Ledru et
et al.,
al.,2013).
2013).Palynological
Palynological ﬁndings
ﬁndings have
have been
been supportsupported by biomarkers to deﬁne upper forest-line migration (Jansen et al.,
2010), by charcoal to indicate human inﬂuences (e.g. Montoya and
Rull, 2011)
2011) or
or seasonality
seasonality (e.g.
(e.g. Iglesias
Rull,
Iglesias et
et al.,
al., 2012),
2012), and
and a
a variety
variety of
of
different
proxies
to
reveal
the
cultural
history
of
America
(e.g.
different proxies to reveal the cultural history of America (e.g. Goman
Goman
et al.,
al., 2010;
2010; Sedov
Sedov et
et al.,
2010; Iriarte
Iriarte et
et al.,
al., 2012;
2012; Whitney
Whitney et
et al.,
al., 2013).
2013).
et
al., 2010;
3.3.3. Representativeness of biomes and ecosystems
The wide diversity of biomes across Latin America is unequally
represented in the inventory (Fig. 10). The páramos (cool grasslands),
Amazonian rainforest (tropical rainforest), and warm temperate evergreen broadleaf forest are relatively well studied. Whereas, the tropical
dry forest and warm temperate mixed forest are geographically restricted and less well represented. The latter is characteristic of the mid to
high altitudes in Mexico, while dry forest is extensive in central Brazil.
Pollen data from the deserts and vegetation communities from the
arid regions of Chile and Mexico are equally sparse, although palynological research on fossil animal middens is quickly expanding. Investigators have often targeted transition zones or ecotones, such as the
savanna-forest boundary in the Colombian Llanos (e.g. Behling and
Hooghiemstra, 2000) and in the Venezuelan Gran Sabana (e.g. Leal
Rodríguez, 2010; Montoya et al., 2011); the upper Andean forest and
páramos in the Ecuadorian Andes (e.g. Brunschön and Behling,
2010; González-Carranza et al., 2012); the transition from pampa
grasslands to xerophytic woodlands (e.g. Schäbitz and Liebricht, 1998;
Tonello and Prieto, 2010); and the Patagonian forest/steppe ecotone
(e.g. Markgraf et al., 2007; Iglesias et al., 2012). Scaling down, some
investigations have focused on ecological dynamics within biomes,
which can encompass signiﬁcant variability. For example, the tropical
rainforest biome includes Amazonian rainforest and coastal mangrove
ecosystems, while the tropical dry forest biome encompasses “Cerrado,”
Caatinga, and “Campo rupestre” (Huber and Riina, 1997, 2003). Similarly the Pampa grasslands, “Espinal,” “Monte” and Patagonian Steppe are
grouped into temperate grasslands, savannas and shrublands biome
(Olson et al., 2001). Furthermore, at longer time-scales poor-analog or
no-analog systems may be “forced” into a modern biome structure rather than being treated as a novel assemblage. Thus, the biome approach
is interesting as a generalized categorization but due the large climatic
amplitudes of the Plant Functional Types are not apt for detailed ecosystem level assessments.
4. Discussion
4.1. The variety of data and questions in the LAPD

Fig. 6. Year of publication of pollen records arranged by decade from 1950 onwards.

The heterogeneity of the LAPD data has implications for multisite
comparisons. The sites differ greatly in spatial and temporal coverage,
sample and geochronologic resolution, and research questions. The
use of palynology for novel conservation problems such as invasive
species (Van Leeuwen et al., 2008), human–landscape interactions
(e.g. Haug, 2003; Iriarte and Behling, 2007; Lozano-García et al., 2007;
Vegas-Vilarrúbia et al., 2011; Gosling and Williams, 2013; Carson
et al., 2014), impact of sea level rise (Cohen et al., 2009; Behling,

- 25 -

2

80

Number of publications

70
60
50
40
30
20
10
0

55 58 61 64 67 70 73 76 79 82 85 88 91 94 97 00 03 06 09 12
19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 20 20 20 20 20

Year of publication
Fig. 7. Histogram showing the number of publications including pollen records by year from 1955 onwards.

2011; Urrego et al., 2013) and conservation and management of ecosystems (Behling et al., 2007; van Leeuwen et al., 2008; Vegas-Vilarrúbia
et al., 2011), are just some of the few exciting new research topics in
Latin America. No-analog ecosystems (Correa-Metrio et al., 2012;
Velásquez-R. and Hooghiemstra, 2013) and microrefugia (Rull, 2009;
González-Carranza et al., 2012; Whitney et al., 2014) deal with more
regional questions but have important global implications. Quantitative
paleoclimatic reconstructions based on pollen from Latin America are
scarce and focused on Southern Patagonia (Tonello et al., 2009;
Schäbitz et al., 2013).
Long
Long
sediment
sediment
sequences
sequences(N(N20
20 ka)
ka)are
arecrucial
crucialfor
foridentifying
identifying and
and understanding long-term ecological and evolutionary processes (Torres
et al., 2013; Seddon et al., 2014). Such sequences from Colombia and
Mexico were essential in relating high-mountain vegetation change to
global ice volume and concentrations of greenhouse gasses (Groot
et al., 2011), and identifying temperature change velocity (CorreaMetrio et al., 2013). A deep core from the south Argentinean Potrok
Aike Maar is presently under study by the international Potrok Aike

Maar Lake Sediment Archive Drilling Project (PASADO) team (Recasens
may detect
et al., 2012). Regardless of the length of the time span, records may
certain vegetation dynamics scarcely observed in other records. An
example are the short pollen records in Chocó, Colombia (Behling et al.,
1998; Berrío et al., 2000), which register minimal biome change although
there are indications of environmental change related to tectonically
driven changes in the coastal areas. Pollen assemblages from fossil rodent
middens record altitudinal changes in vegetation belts and infer
therefore the interaction between summer and winter precipitation
(Maldonado et al., 2005) and hydrologic changes associated to human
responses (Maldonado and Uribe, 2012; Mujica et al., 2015). Additionally, sites can be present in an area of low representativity in the palynological coverage. Besides newly added pollen data from rodent middens in
from the
the Venezuelan
Venezuelan “tepuis”
“tepuis” (Rull,
(Rull, 2010)
2010) and
and
arid regions, pollen sites from
lake Timbio (Wille et al., 2001) are among the few sites available to
study the Guyana highlands and lower montane (subandean) forest respectively. These sites represent ongoing “silent” regions and indicate
the importance of expanding the database and research efforts.
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standing. They might, however, not meet modern standards of inquiry
in terms of taxonomy or adequate dating control, particularly if they
were studied before the advent of accelerator mass spectrometry
(AMS) radiocarbon dating. Examples are the Lusitania record in
Colombia (Monsalve, 1985) and Crominia in Brazil (Ferraz-Vicentini
and Salgado-Labouriau, 1996). These sites prove the value of conclusions derived from pollen site compilations, and that revisiting lakes
with speciﬁc research questions
search
questions can be more rewarding than the search
for new lakes
lakes to
to core.
core.
4.3. Potential limitations and weaknesses

Fig. 9. Distribution of site studies with focus on a single proxy and multiple proxies. Studies
include recent pollen rain sites and paleo-sites (cores and sections).

4.2. Re-visit or re-evaluation of sites
When
Whendisagreements
disagreementson
onregional
regionalclimate
climatedynamics
dynamicspersist,
persist,such
suchas
as
the magnitude of temperature or precipitation change, a revisit or reevaluation of sites may be in order. Examples of such controversial
areas are the northwest corner of Brazil (e.g. Bush et al., 2004;
D'Apolito et al., 2013), southeast Amazonia (Hermanowski et al.,
2012), Easter Island (Rull et al., 2013) and southern Patagonia (Kilian
and Lamy, 2012).
2012). Other
Other important
important sites
sites that
that have
have not
not been
been substantiated
substantiated
by later studies may provide insights into key to paleoecological under-

With respect to current global climate change and controversies
over anthropogenic forcing vs. natural variation, documentation and
understanding of decadal to centennial scale climate variability has become increasingly urgent. However, few currently studied sites have the
requisite temporal resolution, such as Cambará do Sul (Behling et al.,
2007), La Cocha (González-Carranza et al.,
al., 2012),
2012), Papallacta
Papallacta (Ledru
(Ledru
et al., 2013) and El Junco (Restrepo et al., 2012). High resolution pollen
records from Southern Patagonia have been developed in the last two
decades (Heusser
(Heusser et
et al.,
al., 1999)
1999) but
but late
late Holocene
Holocene high
high resolution
resolution records
records
appear only the last few years (e.g. Moreno et al., 2009). Nevertheless,
the publication of new radiocarbon calibration curves in 2013 (Hogg
et al., 2013; Reimer et al., 2013) will necessitate development of new
chronologies and age models. An inventory of associated geochronologic data is necessary to assess the temporal resolution of questions that
can be addressed. An assessment of chronological data derived from
the LAPD is presented by Flantua et al. (2015a).
Physiographic variability and vegetation mosaics present challenges
for paleomapping, which interpolates between sites that represent local
vegetation. Such variability is evidenced in studies by D'Apolito et al.
(2013) for lowland Amazonia and by Marchant et al. (2001) for Andean
sites, and Venezuelan savannas (Montoya et al., 2011). Even with
relatively short distances between sample sites in the last 10 ka,
the topographical diversity of the continent adds an increased element of uncertainty for paleomapping. Nevertheless, advanced
geospatial analysis of pollen is hardly explored in Latin America, although some research hypothesis can only be solved with a spatial
focus.
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Finally, we identiﬁed: i) ecosystem responses to millennial-scale and
centennial climate changes, ii) rates of change, iii) changes in connectivity and its impact on gene ﬂow and isolation, iv) changes in altitudinal
distribution of individual taxa as well as biomes, v) changes in biomes
and its impact on ancient human populations, vi) impact of pCO2
and frequency of nightfrost on the altitudinal distribution of taxa,
vii) warm interglacial refugia (páramo at high elevation and C4 vegetation at low elevations) and cold glacial refugia as still poorly documented forces of vegetation change.
4.4. Grey literature and missing research
Data from grey literature are often the most difﬁcult to identify and
acquire, especially from countries in which national journals are published in the local language. Based on our increased access to grey literature in Colombia, we suspect that substantial literature of similar
nature, including theses, exists in other Latin American countries as
well as in North America and Europe, where many researchers who
have worked in Latin America are based. The access to unpublished
studies and grey literature may be advantageous but it can also
have a handicap. On the one hand, the information is frequently
more complete but, on the other hand, often has not undergone
rigourous peer review, thus potentially compromising scientiﬁc
quality. Additionally, archeological literature may be a source of
pollen data not adequately surveyed for this inventory (e.g. Enters
et al., 2010). Latin American researchers often face obstacles to
publishing in English-language journals (Vasconcelos et al., 2008;
Clavero, 2010; Arbeláez-Cortés, 2013). The LAPD inventory will especially attract attention to papers not written in English or in international journals and will create increased awareness of this
important literature, even if the raw data are not yet available in a
public database. The updated LAPD provides the ideal literature
platform to make the wide range of studies known and accessible
for researchers.
4.5. Integrative comparison of multiple pollen data
This paper provides an initial analysis of the updated inventory to
identify locations, ecosystems, and research topics that are well
studied, under discussion, or under-represented in existing data networks. This ﬁrst level inventory is supported by a literature database
and corresponding metadata of the sites. To address macro-scale
questions that require integrative comparison of multiple pollen
data, sites should be comparable, reproducible and ideally in a
shared database environment. The Neotoma Paleoecology Database
(www.neotomadb.org) is global paleodata initiative that offers a
readily available platform to reduce overall IT overhead for
community-wide database maintenance while enhancing capabilities for data ingest, display, analysis, and distribution. Not only
does the Neotoma Paleoecology Database provide a data curation
system to counter data loss through time (Michener et al., 1997;
Jahnke et al., 2012), it addresses commonly identiﬁed problems of
open access databases (Porter and Callahan, 1994; Costello et al.,
2014). However, the Neotoma Paleoecology Database only facilitates
a set of issues for an open-access palynological database to be successful. For the LAPD to be a sustainable database for researchers to
rely upon, contribute to, and participate in, the scientiﬁc community
is responsible for both the quality and comprehensiveness of the database and its continuation. Database cyberinfrastructure can support urgent inquiry, long-term needs, and future visions of the
community, but the level of data sharing should be a guided by a regional science organizations or institutions with recognized mandates. Neotoma provides an online platform for palynological
exchange, but the answers to macro-scale research depend on the
collaborative will of the regional data generators. Already existing
groups in collaboration with the newly updated LAPD are the Long-

Term Climate Reconstruction and Dynamics of South America
(LOTRED-SA) initiative (Flantua et al., 2015b; Villalba et al., 2009;
www.pages-igbp.org/workinggroups/lotred-sa) and the Global
Charcoal Database (http://gpwg.org/). Doubts on the ethical re-use
of research data is a common problem of open-access databases
(Jahnke et al., 2012), but possible incorrect interpretations of either
a publications or data should not interfere with the opportunity to
contribute of a collaborative long-term effort. Therefore a proactive
communication with contributors is essential during any synthesis
of data, and will ultimately enrich the interpretation and understanding of the compilation of information.
Shared palynological databases aim to facilitate integration,
synthesis, understanding of the paleorecord, and to promote information sharing and collaboration. To achieve the best projections and predictions of future vegetation responses to ongoing
warming and other global changes, we need to make use of the
best available data (Wolkovich et al., 2012) and exploit the full potential of palynological data. For the continuation of an updated
LAPD, an interactive participation and interchange of the palynological community is essential and will provide an enrichment of
the Latin American pollen data use and analysis. It is important
that the palynological community becomes aware of regional and
global initiatives to enable joint analysis of multiproxy datasets to
address paleoenvironmental questions that transcend those possible
with single-proxy databases.
5. Conclusions
The updated inventory of Latin American palynological research
facilitates exploration of the temporal and spatial coverage of pollen
data. The publically available LAPD has not been updated for over a
decade. The current inventory identiﬁes a large quantity of data that potentially could be incorporated into LAPD; the number of bibliographic
records has expanded from ~ 190 publications to over 1200. The new
LAPD inventory shows an impressive increase in the spatial distribution
of sites, currently 1379 paleo-sites and over 4800 modern pollen samples. An increasing number of studies in Latin America are addressing
broad-scale questions with multisite comparison, multi-proxy approaches, and multidisciplinary interests; and research practices and
methodologies are commensurate with other continents (Seddon
et al., 2014). We anticipate that this inventory data will prompt new
research questions and opportunities.
All scientiﬁc research is built on the existing body of scientiﬁc data.
LAPD strives to make these data more accessible and thereby foster
and support research. In addition, by providing spatial and temporal visualizations of the existing data, LAPD aims to identify gaps in current
knowledge and to provide a mechanism for generating new hypotheses
by displaying emergent properties in arrays of data. New research
might involve revisiting strategic sites for reanalysis with newer technologies, especially acquisition of improved geochronologic data (e.g.
Sedov et al., 2010; Bogotá-A et al., 2011), or have the potential for a
deeper cores, such as Lake Chalco (Brown et al., 2012). Finally, synoptic
studies comparing pollen data with other proxies contained either in
the Neotoma Paleoecology Database or residing in other databases,
such as the Global Charcoal Database (Power et al., 2008) will provide
new insights into more robust reconstructions of paleoenvironmental
change. The list of sites will become available through Neotoma while
a new LAPD literature website aims to facilitate an overview of
expanding research.
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PREFACE
This chapter has been published as follows:
Flantua, S.G.A., Blaauw, M., Hooghiemstra, H., 2016. Geochronological database and
classification system for age uncertainties in Neotropical pollen records. Climate of the Past
12, 387–414. doi:10.5194/cp-12-387-2016. Open access.
In the previous chapter I showed the vast number of fossil pollen records available
throughout Latin America. As a result from having identified where the sites are located and
potentially available to perform spatial analysis, the next step is to define their suitability in
terms of their chronologies.

The aim of this chapter is to review the temporal quality of pollen records in Latin America
to support efforts that synthesize pollen records and aim to perform multi-site and multiproxy analysis. Here the chronology is considered a key condition before performing spatial
analysis for trends and patterns. Therefore I first review an extensive number of age models
throughout Latin America after which I implement a method that quantifies for and within
an age model its temporal uncertainly. With this method I postulate that age models should
be reported with additional information on temporal uncertainties and that such
information should be considered when performing multi-site and/or multi-proxy analysis.
The first section of the paper consists of a review of chronological dating and reporting for
Latin American pollen records, based on the updated Latin American Pollen Database
(Chapter 2). First, detailed information on age models of pollen records is retrieved from
the literature. This included the number of geochronological control points, calibration
method used, dated material, etc. A new chronological database is produced with 5116
control points and corresponding information on the produced age models. I provide a
detailed overview of geochronological dating throughout the continent and I describe
inconsistencies in chronological reporting, where room for improvements is also identified.

The second part of this paper shows the implementation of a method to estimate age
uncertainties within an age model, called the ‘star classification system’ as initially
proposed by Giesecke et al. (2014) for the European Pollen Database. I implement this
method for c. 240 pollen records in northwest South America and I synthesize the outcomes
in several maps and diagrams to show how the temporal uncertainty and resolution of
pollen records change over time.
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Abstract. The newly updated inventory of palaeoecologi-

cal research in Latin America offers an important overview
of sites available for multi-proxy and multi-site purposes.
From the collected literature supporting this inventory, we
collected all available age model metadata to create a chronological database of 5116 control points (e.g. 14 C, tephra, ﬁssion track, OSL, 210 Pb) from 1097 pollen records. Based on
this literature review, we present a summary of chronological
dating and reporting in the Neotropics. Difﬁculties and recommendations for chronology reporting are discussed. Furthermore, for 234 pollen records in northwest South America, a classiﬁcation system for age uncertainties is implemented based on chronologies generated with updated calibration curves. With these outcomes age models are produced for those sites without an existing chronology, alternative age models are provided for researchers interested
in comparing the effects of different calibration curves and
age–depth modelling software, and the importance of uncertainty assessments of chronologies is highlighted. Sample
resolution and temporal uncertainty of ages are discussed for
different time windows, focusing on events relevant for research on centennial- to millennial-scale climate variability.
All age models and developed R scripts are publicly available
through ﬁgshare, including a manual to use the scripts.

1 Introduction

Temporal uncertainty remains a challenge in databases of
fossil pollen records (Blois et al., 2011). The demands for
precise and accurate chronologies have increased and so

have the questions needing higher resolution data with accurate chronologies (Brauer et al., 2014). The increasing number of studies testing for potential synchronous patterns in
paleo-proxies (Jennerjahn et al., 2004; Gajewski et al., 2006;
Blaauw et al., 2007, 2010; Chambers et al., 2007; Giesecke et
al., 2011; Austin et al., 2012) rely heavily on precise comparison between different records. Hypotheses have been proposed as to whether abrupt climatic changes were regionally
and altitudinally synchronous, or whether there were significant “leads” and “lags” between and/or within the atmospheric, marine, terrestrial, and cryospheric realms (Blockley et al., 2012). The popular “curve-matching” of proxy data
has been a cornerstone for correlating potential synchronous
events, but this method neglects time-transgressive climate
change (Blaauw, 2012; Lane et al., 2013). Thus, accurate
age–depth modelling has been identiﬁed as crucial to derive
conclusions on climate change signals from different paleoarchives (Seddon et al., 2014).
It is important to identify those few (but growing numbers
of) records which have relatively precise chronological information (Blois et al., 2011; Seddon et al., 2014; Sundqvist
et al., 2014). The development of large-scale analyses is relatively recent, demanding occasionally a different approach
to data handling of individual pollen records. The latter were
most often developed to explore questions on a local or
regional terrain, by researchers unacquainted with requirements for multi-site integration. Multi-site temporal assessments have recently been presented for the European Pollen
Database (EPD; Fyfe et al., 2009; Giesecke et al., 2014), for
the African Pollen database (Hélyet al., 2014), and for the
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North American pollen database (Blois et al., 2011), but for
Latin America this important assessment is still missing.
To support multi-site and multi-proxy comparison, collecting chronological information of pollen records and implementation of uncertainty assessments on their temporal spinal cords is an indispensable step. The recently updated inventory of palaeoecological studies in Latin America
(Flantua et al., 2013, 2015; Grimm et al., 2013) shows the
vast amount of available palynological sites with potential
geochronological data throughout the continent. Therefore,
we created a geochronological database originating from the
updated Latin American Pollen Database (LAPD) and corresponding literature database (1956–2014). Here we summarize the collected metadata on chronological dating and
reporting in Neotropical studies. We describe the most commonly used dating methods, age modelling, and calibration
methods, and discuss ﬁelds of highest potential improvement in line with international recommendations. Furthermore, with the aim of enriching the discussion on uncertainty assessments of age models and exemplifying the use
of geochronological data recollection, we produce age models from pollen records in northwest South America (NWSA). Updated calibration curves are used and we evaluate the temporal uncertainty of age models by a conceptual framework proposed by Giesecke et al. (2014) for ranking the quality of the chronologies as well as the individual
14 C ages and depths with pollen counts. Based on the combined temporal quality and resolution assessment, the time
windows best suitable for inter-site and inter-proxy comparison are highlighted. The resulting chronologies are not
assumed to be the best age models, but serve as alternative or potential age models for studies lacking published
chronologies, reinforced by a temporal uncertainty assessment. We postulate that this study serves as a guidance to
open up the discussion in South America on temporal quality of pollen records by providing a method openly accessible for adjustments and improvements. To stimulate reuse
for new analyses and capacity building on age modelling,
all outcomes and R scripts are available from ﬁgshare at:
https://ﬁgshare.com/s/0e9afb8fe758a0e6e8c8.
2
2.1

Methods
Geochronological database of the Neotropics

To obtain an overview of the control points and age modelling methods used in pollen records throughout the region,
we performed a thorough review of the LAPD and corresponding literature database (Flantua et al., 2015). A total
of 1245 publications were checked regarding their chronological information covering 1369 sites. For 270 sites only
biostratigraphic dates were mentioned, no chronological details were provided, or the original publications with speciﬁcations were not found. These sites originate primarily from
the 1970s and the 1980s, although even some recent publi-

cations lack details on the chronology. All other sites consisting of at least one chronological reference point enter the
geochronological database at this stage (Fig. 1). The following chronology metadata were collected for each site: Site
Name, Year of Data Preparation, Age Model, Calibration
Method, Software, Material Dated, Depth (min, max, mean),
Thickness, Laboratory number, pMC (error), 13 C adjusted
(±standard deviation), 14 C date (min, max, errors), Reservoir correction, Calibrated age (min, max, best age, errors),
Additional relevant comments from authors. Furthermore,
all additional parameters needed to correctly reconstruct the
chronologies, such as presence of hiatus, slumps, contaminated control points, and other outliers identiﬁed by authors,
were included. As a result, the Neotropical Geochronological Database (Neotrop-ChronDB) currently contains a total
of 5116 chronological dates from 1097 sites throughout the
study area.
2.2 Age model generation

From the Neotrop-ChronDB, all sites present in Venezuela,
Colombia, Ecuador, Peru, and Bolivia were extracted (Fig. 1,
countries in grey). Over 300 publications were consulted
to recalibrate control points and rebuild age models of 234
pollen records (Table 1). When more than one chronological
date was available, new chronologies were generated with
the updated calibration curves for the northern and the southern hemispheres, and maintained as closely as possible to
the authors’ interpretation of the age model. New chronologies were generated with updated calibration curves to (a) be
able to implement the temporal uncertainty analysis (the “star
classiﬁcation system”); (b) to provide age models to studies without chronologies; (c) to provide alternative age models for records based on older calibration curves or Southern
Hemisphere records using the northern hemispheric calibration curves; (d) to estimate the temporal resolution of pollen
records in general and at speciﬁc time windows of interest in
NW-SA.
Chronology control points

The most common control points are radiocarbon dates. For
the age model generation we included the reported uncertainty of a date regardless of its origin (conventional or Accelerator Mass Spectrometry, AMS). Additional important
control points in constructing chronologies are ages derived
from tephra layers from volcanic material, radioactive lead
isotopes (210 Pb) and ﬁssion track dates.
Biostratigraphic dates

For the generation of the recalibrated age models, stratigraphic dates were not used. Use of these layers would ignore the possibility that for example the palynologically detectable onset of the Holocene was asynchronous throughout
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Table 1. List of sites for which age models were recalibrated.
LAPD ID

SITE NAME

COUNTRY

LATITUDE
(decimal degrees)

LONGITUDE
(decimal degrees)

TIME RANGE MINIMUM
(cal yr BP)

TIME RANGE MAXIMUM
(cal yr BP)

0292
0308
0309
0310
0311
0312
0333
0336

Cala Conto
Cerro Calvario
Chacaltaya 1
Chacaltaya 2
Cotapampa
Cumbre Unduavi
Laguna Katantica
Laguna Bella Vista A

Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia

−17.57
−16.25
−16.37
−16.37
−15.22
−16.35
−14.80
−13.62

−65.93
−68.50
−68.15
−68.15
−69.10
−68.03
−69.18
−61.55

10 000
4000
0
0
0
0
0
1530

36 000
23 300
7600
9800
10 900
13 600
7500
51 000

0339
0344
0347
0348
0349
0350
0361
0378
0381

Laguna Chaplin A

Bolivia

−14.48

−61.07

0

50 000

Laguna Khomer Kocha Upper
Laguna Yaguarú
Lake Chalalan
Lake Santa Rosa
Lake Siberia 93-1
Monte Blanco 2
Sajama 2
Sajama Ice Cap 2

Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia
Bolivia

−17.28
−15.60
−14.43
−14.48
−17.83
−17.03
−18.12
−18.10

−65.98
−63.22
−67.92
−67.87
−64.72
−67.36
−68.97
−68.88

0
0
60
2500
4500
900
0
0

18 100
5600
16 000
16 000
40 000
8300
4400
15 000

0383

Salar de Uyuni

Bolivia

−20.25

−67.51

14 900

108 300

0394
0400

Tiquimani
Titicaca LT01-3B 2

Bolivia
Bolivia

−16.20
−16.23

−68.06
−68.77

−35
3500

6800
151 000

0401

Titicaca NE98-1PC 1

Bolivia

−16.13

−69.21

0

28 000

0559
0736
0832

El Junco EJ-N-1
Lake Challacaba-B
Agua Blanca PAB I

Ecuador
Bolivia
Colombia

−0.90
−17.55
5.00

−89.48
−65.57
−74.17

0
0
7490

2690
4000
47 000

0833
0834

Agua Blanca PAB II
Agua Blanca PAB III

Colombia
Colombia

5.00
5.00

−74.17
−74.17

0
0

8300
7150

0835
0837
0839
0840
0841
0849

Alsacia
Andabobos
Ciénaga El Ostional
La Zona − Bahía de Cispatá
Bahía Honda
Cahuinari II

Colombia
Colombia
Colombia
Colombia
Colombia
Colombia

4.00
4.08
9.40
9.41
12.56
−2.04

−74.25
−74.17
−75.88
−75.80
−81.70
−70.75

1110
0
0
0
−50
40 000

21 500
14 500
3500
364
2500
51 000

0850
0851

Caquetá V
Carimagua Bosque

Colombia
Colombia

0.97
4.07

−71.54
−70.22

1000
0

2800
1200

0852
0855

Carimagua Laguna
Chenevo

Colombia
Colombia

4.07
4.08

−70.23
−70.35

1357
0

8270
7260

0859
0860
0863
0871
0873
0874
0875
0877

Castañuelo – Ciénaga de Córdoba
El Cigarro – Ciénaga de Córdoba
Ciénaga del Visitador
El Abra II−B1
El Billar I
El Billar II
El Bosque EB I
El Caimito

Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia

9.14
9.02
6.13
5.02
4.83
4.83
4.75
2.53

−75.71
−75.68
−72.78
−73.95
−75.85
−75.85
−75.45
−77.60

0
0
0
22 200
0
0
2040
0

1350
6410
14 000
50 720
6500
13 350
4790
3850

0878
0879
0881
0892

El Camaleón
El Gobernador
El Pinal
Fuquene 2

Colombia
Colombia
Colombia
Colombia

−2.03
4.00
4.13
5.45

−70.58
−75.00
−70.38
−73.77

50 000
0
1065
0

55 000
10 500
18 290
42 000

0893

Fuquene 3

Colombia

5.45

−74.27

0

124 000

0895

Fuquene 7

Colombia

5.45

−73.77

2000

85 500

0896

Fuquene 7C

Colombia

5.45

−73.77

2000

70 007

0899

Pantano de Genagra

Colombia

2.47

−76.62

−48

54 000

0901

Guandal

Colombia

2.22

−78.35

0

2100

0907

Jotaordo

Colombia

5.80

−76.70

0

4300

0908

La Cachucha

Colombia

4.50

−75.50

0

9000

0910
0913
0914
0915

La Cocha 1
La Guitarra
La Laguna
La Primavera

Colombia
Colombia
Colombia
Colombia

1.06
4.00
4.92
4.00

−77.15
−74.30
−74.33
−74.17

0
0
0
20 00

14 000
15 650
27 000
12 000

0917

La Teta 2

Colombia

3.08

−76.53

0

8850

0920
0922
0923
0927

Laguna de los Bobos
Laguna Ciega III
Laguna de Agua Sucia
Laguna de Pedro Palo 1

Colombia
Colombia
Colombia
Colombia

6.17
6.50
3.58
4.50

−72.83
−72.30
−73.52
−74.38

0
0
2000
10 000

5000
25 000
4000
12 000
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Table 1. Continued.
LAPD ID

SITE NAME

COUNTRY

LATITUDE
(decimal degrees)

LONGITUDE
(decimal degrees)

TIME RANGE MINIMUM
(cal yr BP)

TIME RANGE MAXIMUM
(cal yr BP)

0929
0930
0933
0935

Laguna de Pedro Palo 3
Laguna de Pedro Palo 5
Laguna Ángel
Laguna Piusbi

Colombia
Colombia
Colombia
Colombia

4.50
4.50
4.47
1.90

−74.38
−74.38
−70.57
−77.94

20 00
20 00
0
0

13 000
12 000
12 900
7700

0936
0937
0938
0940

Laguna Sardinas
Laguna Verde de Las Siete Cabezas
Las Margaritas
Llano Grande II

Colombia
Colombia
Colombia
Colombia

4.97
4.83
3.38
6.46

−69.47
−75.25
−73.43
−76.10

80
350
200
0

11 570
4330
11 500
13 000

0941
0943
0945
0946
0947
0949

Loma Linda
Los Lagos
Manacaro I
Mariname I
Mariname-II
Mozambique

Colombia
Colombia
Colombia
Colombia
Colombia
Colombia

3.30
5.17
−1.55
−0.73
−0.75
3.97

−73.38
−76.17
−70.13
−72.07
−72.05
−73.05

0
0
11 600
0
0
0

8700
5600
12 500
11 200
10 800
3500

0951
0952
0954

ODP677
Otoño-Manizáles Enea
Pantano de Mónica 1

Colombia
Colombia
Colombia

1.20
5.00
−0.70

−83.74
−75.45
−72.07

0
28 500
4730

39 410
53 500
11 150

0955
0958

Pantano de Vargas 1
Páramo de Laguna Verde I

Colombia
Colombia

5.78
5.25

−73.10
−74.00

2470
0

9450
5600

0959
0963
0964
0965
0966
0967
0968

Páramo de Peña Negra 1
Páramo Palacio PT 1
Páramo Palacio PT 2
Patía I
Patía II
Piagua
Pitalito PIT 11

Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia

5.08
4.77
4.77
2.03
2.03
2.50
1.87

−74.08
−73.85
−73.85
−77.08
−77.08
−76.50
−76.03

0
0
0
0
0
0
17 500

14 000
2720
5200
8500
8600
41 000
67 700

0969

Pitalito PIT2

Colombia

1.87

−76.03

0

7000

0971
0973

Potrerillo II
Puente Largo II

Colombia
Colombia

2.03
6.48

−77.00
−76.10

0
0

8500
4500

0974

Quebrada África

Colombia

4.75

−75.25

0

12 000

0975
0976

Quebrada del Amor
Quilichao 1

Colombia
Colombia

−0.58
3.10

−72.42
−76.52

0
0

100
13 150

0979
0980
0981
0986

Quinché I
Quinché II
Quinché III
Rio Timbio

Colombia
Colombia
Colombia
Colombia

−0.88
−0.88
−0.93
2.40

−71.85
−71.83
−71.82
−76.60

0
0
0
0

4050
1760
10 950
27 000

0995
1001
1008
1013
1017
1027
1029
1035
1037
1038
1040
1042
1131
1133

San Martin
Sierra Nevada VII
Totumo
TPN 21B
TPN 36C
Turbera de Calostros
Ubaque
Laguna de la Herrera
Valle de Lagunillas Core VL-VIII
Valle de Lagunillas Core VL-V
Valle San Carlos
Villanueva
Anangucocha
Cayambe

Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Colombia
Ecuador
Ecuador

6.57
10.78
−2.03
4.50
4.50
4.68
4.50
5.00
6.38
6.50
4.70
6.57
−0.67
−0.03

−76.57
−73.67
−70.77
−75.50
−75.50
−73.80
−73.92
−73.91
−72.30
−72.30
−75.33
−76.57
−76.42
−78.03

0
0
30 000
0
0
100
0
0
6000
8000
9100
0
0
0

3990
9000
50 000
10 500
14 000
8700
4500
5000
9800
12 500
12 500
3420
3100
7200

1134
1135

Cerro Toledo CT
Cocha Caranga Laguna

Ecuador
Ecuador

−4.38
−4.04

−79.12
−79.16

0
0

20 000
14 500

1136
1139

Cocha Caranga Mire
El Tiro

Ecuador
Ecuador

−4.04
−3.84

−79.16
−79.15

0
0

1550
20 100

1141

G15-II

Ecuador

0.60

−77.70

0

6000

1144
1145
1146
1147
1149

El Junco EJ1
El Junco EJ5
El Junco EJ6
Kumpack B
Lago Ayauch

Ecuador
Ecuador
Ecuador
Ecuador
Ecuador

−0.50
−0.50
−0.50
−3.03
−2.08

−91.00
−91.00
−91.00
−77.82
−78.02

0
2200
3400
0
0

8800
10 200
8500
5200
7000

1155

Laguna Chorreras

Ecuador

−2.77

−79.16

0

17 500

1157
1158
1160
1161

Laguna La Campana
Laguna Pallcacocha 1
Laguna Zurita
Lagunas Natosas Forest

Ecuador
Ecuador
Ecuador
Ecuador

−4.02
−4.77
−3.97
−4.73

−79.17
−79.23
−79.12
−79.42

−57
0
0
0

1500
15 000
1300
15 930

1162
1163

Lake Santa Cecilia
Lake Surucucho (Llaviucu)

Ecuador
Ecuador

0.07
−3.06

−77.02
−78.00

600
0

800
12 000
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Table 1. Continued.
LAPD ID

SITE NAME

COUNTRY

LATITUDE
(decimal degrees)

LONGITUDE
(decimal degrees)

TIME RANGE MINIMUM
(cal yr BP)

1164

Limoncocha

1166
1167
1170
1171
1172
1174

Maxus-1
Maxus-4
Mullumica
Pantano de Pecho
Laguna Natosas Bog
Rabadilla de Vaca

TIME RANGE MAXIMUM
(cal yr BP)

Ecuador

−0.40

−76.63

900

1200

Ecuador
Ecuador
Ecuador
Ecuador
Ecuador
Ecuador

−0.45
−0.45
−0.25
−0.33
−4.73
−4.26

−76.62
−76.62
−78.25
−79.22
−79.43
−79.11

0
0
0
0
0
0

2000
9850
13 000
660
15 000
10 000
2100

1175

Rabadilla de Vaca Bog

Ecuador

−4.26

−79.12

0

1176

Reserve Guandera-G8

Ecuador

0.60

−77.70

0

2880

1178
1181
1183

San Juan Bosco
Tres Lagunas
Valle Pequeño

Ecuador
Ecuador
Ecuador

−3.06
−3.03
−4.12

−78.46
−79.23
−79.17

26 000
−57
−60

31 000
7800
1630

1184
1211
1247
1496
1498
1502

Yaguarcocha
Quistococha QT-2010-1
Eruoda
Chica-Soras Valley
Gentry
Laguna Baja

Ecuador
Perú
Venezuela
Perú
Perú
Perú

0.38
−3.83
5.37
−14.18
−12.33
−7.70

−78.08
−73.32
−62.08
−73.53
−68.87
−77.53

0
0
0
0
0
0

13 500
2000
12 700
3970
6300
13 300

1503
1504

Laguna de Chochos
Laguna Huatacocha

Perú
Perú

−7.68
−10.77

−77.60
−76.62

0
1100

17 150
10 050

1505

Laguna Jerónimo

Perú

−11.78

−75.22

0

11 300

1506

Laguna Junín

Perú

−11.00

−76.17

0

36 000

1507

Laguna La Compuerta

Perú

−7.30

−78.36

0

33 000

1508
1510
1511
1512

Laguna Milloc
Laguna Pomacocha
Laguna Salinas
Laguna Tuctua

Perú
Perú
Perú
Perú

−11.57
−11.78
−16.40
−11.67

−76.35
−75.50
−71.15
−75.00

10 000
0
0
0

11 000
11 000
15 000
15 600

1513
1514
1516

Lake Consuelo-CON1
Lake Consuelo-CON2
Lake Pacucha

Perú
Perú
Perú

−13.95
−13.95
−13.61

−68.99
−69.00
−73.50

0
0
0

48 000
12 000
24 700

1517
1520
1546
1547
1549
1552

Lake Sauce
Marcacocha
Nevado Coropuna-COR300
Nevado Sabancaya
Parker
Rio Blanco Pond

Perú
Perú
Perú
Perú
Perú
Perú

−6.71
−11.39
−15.50
−16.22
−12.18
−10.83

−76.22
−76.12
−72.67
−71.08
−69.10
−75.33

0
0
800
0
0
10 000

6500
4200
9700
9580
7400
11 000

1555
1557
1558
1569
1579
1580
1581
1582
1585
1593

Urpi Kocha Lagoon Core 2
Vargas
Werth
Lagunares de Santa Isabel
Acopan tepui ACO-1
Acopan tepui ACO-2
Amuri tepui AMU-1
Apakará tepui PATAM9-A07
Auyan−18
Bosque El Oso

Perú
Perú
Perú
Colombia
Venezuela
Venezuela
Venezuela
Venezuela
Venezuela
Venezuela

−12.23
−12.33
−12.18
4.82
5.20
5.20
5.17
5.32
5.90
5.27

−76.88
−69.12
−69.10
75.37
−62.08
−62.08
−62.12
−62.23
−62.62
−61.12

1000
0
0
0
0
0
0
0
0
0

2350
7900
3400
2130
4100
5230
5500
8000
4000
3400

1606
1611

Churi Chim-2
El Pauji – PATAM5 A07

Venezuela
Venezuela

5.32
4.47

−62.17
−61.58

0
0

6500
8250

1613
1614
1615

Guaiquinima QUAIQ-1
Guaiquinima QUAIQ-2
Helechal Ariwe

Venezuela
Venezuela
Venezuela

5.83
5.83
5.72

−63.68
−63.68
−61.56

0
0
0

6600
8610
3400

1619

Helechal Colonia

Venezuela

4.56

−61.20

0

1400

1629

La Culata

Venezuela

8.75

−71.07

2550

7530

1631

Lake Valencia 1-14-77

Venezuela

10.27

−67.75

0

13 000

1633
1636

Lake Valencia 76V 7-11
Laguna de los Anteojos

Venezuela
Venezuela

10.18
8.54

−67.01
−71.07

0
9350

13 000
14 680

1637
1638

Laguna Divina Pastora
Laguna Encantada

Venezuela
Venezuela

4.70
4.60

−61.07
−61.11

0
0

5400
7500

1640
1641
1642
1644

Mucubaji Core A
Santa Teresa
Laguna Verde Alta
Laguna Victoria

Venezuela
Venezuela
Venezuela
Venezuela

8.80
4.72
8.85
8.81

−70.83
−61.08
−70.87
−70.79

2000
0
0
0

8300
5141
15 500
13 000

1646
1648
1655
1657

Lake Chonita – PATAM1 BO7 – Part 1
Lake Valencia 76V 1-5
Morichal Mapire A1
Morichal Quebrada Pacheco

Venezuela
Venezuela
Venezuela
Venezuela

4.65
10.18
9.55
5.73

−61.00
−67.01
−63.67
−61.11

0
0
0
0

15 300
9000
2220
1200
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Table 1. Continued.
LAPD ID

SITE NAME

COUNTRY

LATITUDE
(decimal degrees)

LONGITUDE
(decimal degrees)

TIME RANGE MINIMUM
(cal yr BP)

TIME RANGE MAXIMUM
(cal yr BP)

1663

Páramo de Miranda

1665

Piedras Blancas

Venezuela

8.92

−70.83

280

11 500

Venezuela

9.17

−70.83

0

1300

1669
1679
1682
1705

Quebrada de Mucubaji

Venezuela

8.75

−70.80

10 000

13 000

Sabana Inundada Parupa
Torono tepui TOR-1
Pantano de Mónica 2

Venezuela
Venezuela
Colombia

5.67
5.23
−0.70

−61.63
−62.15
−72.07

0
0
0

7000
5000
4000

1706

Pantano de Mónica 3

Colombia

−0.70

−72.07

0

3260

1715
1716
1717
1740
1744
1748
1749
1751

El Abra III
El Abra IV − 107N
El Abra II − 10E
Cerro Toledo CTB
Cocha Caranga Forest
ECSF Cerro de Consuelo
ECSF Refugio
Laguna Daniel Álvarez

Colombia
Colombia
Colombia
Ecuador
Ecuador
Ecuador
Ecuador
Ecuador

5.02
5.02
5.02
−4.38
−4.04
−4.00
−3.99
−4.02

−73.95
−73.95
−73.95
−79.12
−79.16
−79.06
−79.07
−79.21

0
20 000
9000
0
0
800
700
0

9000
25 000
10 000
10 000
200
1300
1100
1300

1767
1867

Páramo de Laguna Verde II
Reserve Guandera−G7

Colombia
Ecuador

5.25
0.60

−74.00
−77.70

0
0

5600
3000

1922
1923
1924
1936

Reposo
Mirlas 4
Tatama 225
Boquillas 2

Colombia
Colombia
Colombia
Colombia

5.17
5.17
5.17
9.12

−75.08
−75.08
−75.08
−74.56

0
0
0
1550

7000
7000
5800
10 010

1996
1997
2014
2143
2222
2358
2359

Calancala
Navío Quebrado
La Tolita 1
Papallacta PA 1-08
El Cristal
Porce PIIIOP-61
Porce PII-21

Colombia
Colombia
Ecuador
Ecuador
Ecuador
Colombia
Colombia

11.58
11.41
1.27
−0.36
−3.86
6.89
6.76

−72.88
−73.10
−79.02
−78.19
−79.06
−75.19
−75.12

−52
150
0
0
0
2900
4500

1240
6280
5000
1600
19 750
4700
9000

2360

Porce PII-45

Colombia

6.97

−75.09

5000

10 200

2361

Porce POIIIOI-40

Colombia

6.98

−75.10

1200

7300

2362

Porce POIIIOI-52

Colombia

6.98

−75.09

3500

10 300

2370
2377
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northern South America. Therefore any further inferences on
spatial leads, lags, or synchroneity would become ﬂawed.
Only in very few cases were very recent time markers used
like the introduction of Pinus.
Core tops and basal ages

The non-“decapitated” top of the sediment sequence can be
assigned to the year of sampling, if explicitly mentioned by
the authors as the result of being the youngest sample in an
undisturbed way. Frequently, however, assigning depths to
core tops adds a factor of uncertainty because the uppermost
sediments have not been consolidated and can be lost during
coring. We did not use most of the estimated core tops as additional ages, but as with the bottom ages, let the recalibrated
age model produce the new ages of the core tops. In case
of considerable extrapolation or heavy overshooting of the
age model (very young top ages), we produced alternative
age models including the estimated top age. We decided to
use the uncertainty range of ±50 years considering that this
standard deviation results in c. 300 years of total uncertainty.
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We consider this value an appropriate estimate of uncertainty
of core top ages. As the R-code of the procedures here presented is made available, researchers may adjust this value
accordingly. Extrapolations from the new chronologies that
went beyond −50 cal yr BP (years before AD 1950) were not
used for the estimates on resolution.
Calibration curves

The South American continent covers the Northern Hemisphere (NH) as well as the Southern Hemisphere (SH). The
previous SH calibration curve (SHCal04) only extended to
11 thousand calibrated years before present (here abbreviated
as kcal BP). In age model tools like CLAM (Blaauw, 2010),
options were provided to “glue” the NH calibration curve to
the SH curve to extend back to 50 kcal BP. However, recently
the SH calibration curve was extended to 50 kcal BP (Hogg
et al., 2013) and now obviates the need to use the NH curve
for older dates in the SH. This provides new opportunities to
recalibrate age models with updated calibration information
and produce additional sample ages for reevaluation. Never-
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Figure 1. Pollen records currently present in the Neotropical Geochronological database. All records contain at least one geochronological
date.

theless, tropical regions still face an uncertainty factor open
to discussion, namely the southern limit of the Intertropical
Convergence Zone (ITZC). McCormac et al. (2004) deﬁned
this limit to be the boundary between the NH and the SH,
but models need additional data to better determine its exact location through time (McGee et al., 2014). For internal
consistency we assigned the curve according to the general
delimitation by Hogg et al. (2013) and Hua et al. (2013), or
used the preferred calibration curve by the authors for the
creation of the chronology. Mayle et al. (2000) for example,
explicitly explain why their site in the Bolivian Amazonia experiences NH inﬂuences. Finally, a total of 22 sites include
post-bomb dating for which ﬁve different regional curves options exist (Hua et al., 2013). Post-bomb calibration curves
were as used by original authors or assigned according to
Hua et al. (2013).

Age model methods

Depending on the number of available control points, two
age–depth models were created per site. All age–depth relationships were reconstructed using the R-code CLAM version 2.2 (Blaauw, 2010; R Development Core Team, 2014),
which is an R code for “classic age-modelling” (Blaauw and
Heegaard, 2012). The simplest age model, namely the linear interpolation method, produces a straightforward interpolation. It connects individual control points with straight
lines which is in most cases unrealistic as it assumes abrupt
changes in sedimentation rates at, and only at, the dated
depths in the sediment core. The second age model method
we used is the smoothing spline, with a default smoothing
factor of 0.3. This interpolation method produces a curve
between points that is also inﬂuenced by more distant control points. This method provides a smoother outline of age
model and is considered to produce a more realistic model of
the sedimentation process compared to the linear interpolation method. However, smoothing splines can only be mod-
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elled at sites that present four or more control points. Furthermore, age models were not run on cores that were problematic from the start. Examples are: cores where a hiatus/slump
disrupts the age model in a way that no linear interpolation is
possible; cores with many age reversals (when an older date
lies above a younger date with limited dates collected); and
cores with many nearly identical radiocarbon dates regardless of depth. Studies using tuning methods to establish their
age models were not included.

Table 2. Classiﬁcation of sample age uncertainty from the star clas-

Sample depths and ages

2.3 Temporal uncertainty estimates by the star
classiﬁcation system

The sample depths were derived from either the raw data set
provided by the authors from the original paper or from the
speciﬁcations and ﬁgures in the original publication. In a few
cases, neither were available, so a 10 cm sample interval was
assigned based on our assessments of the most likely depths
for such dates. The sample age is obtained as the highestprobability age based on the distribution of estimated ages
from 1000 Monte Carlo runs and the uncertainties are provided as 95 % conﬁdence intervals.

Age model check

For each site, the newly produced models were evaluated and
if necessary adjustments were made to deal with obvious outliers, “overshooting” of the age model towards the top, and
degree of “smoothness” of the smooth spline model. Outliers were identiﬁed visually when control points deviated
excessively from the general depth–age tendency. To solve
over-extrapolation at the top (future dates), additional age
models were created that included estimated surface dates. In
some cases the default smoothing level of 0.3 was adjusted to
“touch” more of the available dates or to avoid an age reversal
in the model. The most appropriate age model was selected
in accordance to the authors’ description, with a general preference for the smoothing spline model. With this model, we
calculated the multi-site summary values, such as overall resolution and star classiﬁcation system.

Data accessibility

The original data, the R-codes and the recalibrated age models from this paper are available through: https://ﬁgshare.
com/s/0e9afb8fe758a0e6e8c8. We provide a manual that explains step by step the setup of the data and the use of the
codes. For each individual pollen record, the corresponding folder contains the description of the original age model
(copyright prevented the inclusion of pictures/ﬁgures), details on the recalibrated age models and the outcomes of the
star classiﬁcation system at sample level.

siﬁcation system (Adapted from Giesecke et al., 2014).
Maximum distance to
the nearest data (yr)

Stars

Colourbar Fig. 2

2000
1000
500
Straight segment

1
2
3
+1

Green
Dark blue
Light blue
Red

We followed the age model evaluation proposed by Giesecke
et al. (2014) to deﬁne the temporal quality and uncertainty
of the chronologies and individual samples. An uncertainty
classiﬁcation based on assigning semi-quantitative “stars”
focuses on the density of control point. The classiﬁcation
is additive and samples are assigned to the lowest class (a
single star) where the estimated sample age is within 2000
years of the nearest control point. Additive stars are given
at 1000-year and 500-year proximity to the nearest control
point (Table 2). In addition to the three stars that characterize
proximity to the nearest control point, an extra star is given to
samples that are situated in a straight section of the sequence.
The “straightness” star is given to a sample where, within the
nearest four control points, the modelled sediment accumulation rate changes less than 20 %. Only sequences with at
least four control points can obtain such an additional star.
The evaluation is based on the position of the sample relative to the control points and is independent of the interpolation procedure. Therefore stars are assigned to the smooth
spline output unless insufﬁcient control points are available.
The outcome of this classiﬁcation produces a text ﬁle with
the assigned number of stars for each sample along the core
that is based on the depth ﬁle. The star classiﬁcation is visualized along the vertical axis of the age model with coloured
symbols (Fig. 2).
2.4 Time window assessment

Rapid events of climate change occurred during the
Dansgaard–Oescher (D–O) cycles spanning the last glacial
cycle and during the Holocene. Recently published pollen
records, like at Lake Titicaca, Bolivia (Fritz et al., 2010)
and Lake Fúquene, Colombia (Groot et al., 2011) show clear
evidence of millennial climate variability of large amplitude during Marine Isotope Stage (MIS) 4 to 2. As an example of the implementation of the star classiﬁcation system, we select a series of consecutive time windows relevant for paleoclimate reconstructions at millennial timescale.
These time windows are: MIS 5 (c. 130–70 kcal BP), MIS
3 (c. 60–27 kcal BP; Van Meerbeeck et al., 2009), Heinrich
event 1 (H1; c. 18–15 kcal BP; Álvarez-Solas et al., 2011),
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Figure 2. Recalibrated age depth relationship from Laguna Chap-

lin A (Mayle et al., 2007). The green, dark blue, light blue bars
along the vertical axis reﬂect the proximity of a sample to the nearest control points, from “far”, “good”, “best” respectively. The red
bar marks samples within a segment of the core supported by at
least four control points within which the sediment accumulation
changes less than 20 %. The addition of an additional upper age estimate would better constrain the extrapolation toward the top, which
otherwise yield ages that are too young as shown in this example.
The blue polygons at the control points represent the calibrated age
range as a distribution, where the height of the polygon provides an
indication of the probability of the age obtained from the control
point. The dark bar alongside is shown as an example where the interpretation of the chronology can be supported by the lithological
information alongside.

and the Younger Dryas (YD)/Holocene transition (c. 12.86–
11.65 kcal BP; Rasmussen et al., 2006). For these time windows we summarize and discuss the temporal resolution and
control-point density (the star classiﬁcation system).
3 Results
3.1 Chronological data in the Neotropics

The number of available pollen records in this region has
increased considerably in the last 20 years (Flantua et al.,
2015). During recent years, the number of control points
used for stratigraphic age models has trended upwards; since
2010, the mean and median number of control points per
published pollen site has been ﬁve and three, respectively
(Flantua et al., 2015). Here we provide more detail on the
available chronologies, describing the most commonly used
control points for dating, age modelling, and calibration
methods.

more than ﬁve decades now. The ﬁrst dated records in South
America came from the Orinoco delta of Venezuela (Muller,
1959), and from Colombian sites such as Ciudad Universitaria, Laguna de la América, and Páramo de Palacio (Van
der Hammen and González, 1960) and Laguna de Petenxil in
Guatemala (Tsudaka, 1967). In the early stages of 14 C measurement, this technique required a minimal sample size of
0.5 g carbon (Povinec et al., 2009), while sample sizes differed greatly among materials (Bowman, 1990). In paleoecological research, this has always been a limiting factor as
natural samples generally present a small 14 C / C ratio. As a
consequence, material to obtain a 14 C date sometimes originated from a wide depth interval of the sediment core. Consequently, conventional radiocarbon dating based on bulk samples of lake sediments is often a high-risk undertaking as it
can result in a substantial uncertainty and puzzling date estimates.
The great breakthrough came from the development of
AMS dating in 1977 that consisted of direct counting of the
14 C atoms present in a sample (Bowman, 1990; Povinec et
al., 2009). This technique reduced the requirements for sample size and therefore improved the accuracy of samples.
Furthermore, the required time to obtain dates was reduced
from months to minutes. It took some time for AMS dating
to appear in the Neotropics. It was not until the early 1990s
that AMS dating was used in sites as Lake Miragoane, Haiti
(Brenner and Binford, 1988), Laguna de Genovesa, Ecuador
(Steinitz-Kannan et al., 1998) and Lake Quexil, Guatemala
(Leyden et al., 1993). Ever since, an increasing number of
sites report AMS dates to support their chronologies with
higher precision. Nevertheless, even in a recent record with
AMS ages, authors have been struggling to compile a consistent age model due to low carbon content of the samples (Groot et al., 2014). The advantages of using 14 C as a
dating method, having broad applicability on many different sample materials and covering the most prevalent time
range (50 kcal BP), mean that it surpasses other methods and
therefore remains to be the most commonly applied scientiﬁc
dating method.
Currently c. 68% of the geochronological dates in the
LAPD fall within the last 10 kcal BP, 20% within 20–
10 kcal BP, and 4% within 30–20 kcal BP. A wide range
of materials is used for dating: cellulose-containing materials (woods, seeds, achenes, plant remains, insect chitin;
n = 1732); charcoal and charred material (n = 191); carbonates (shells and calcite; n = 118), collagen-containing materials (bones and coprolites; n = 48); and bulk sediments from
different materials (n = 1074).
Tephrochronometry

Radiocarbon dates

The Neotrop-ChronDB stores a total of 5116 dates of which
the most common control points are radiocarbon (14 C) dates.
Radiocarbon dating has been used to date pollen records for

The terminology Tephrochronology means “use of tephra
layers as isochrons (time-parallel marker beds) to connect
and synchronize sequences and to transfer relative or numerical ages to them using stratigraphy and other tools” (Lowe,
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2011). The process of obtaining a numerical age or date for a
tephra layer deposited after a volcanic eruption either directly
or indirectly is called Tephrochronometry (Lowe, 2011). Primary minerals, such as zircon, K-feldspar, and quartz, can be
used to date tephras directly. Indirect methods include different applications such as radiometric dating (radiocarbon
dating, ﬁssion-track dating, argon isotopes K/Ar, Ar/Ar, luminescence dating, U-series, 238 U/238 Th zircon dating) and
incremental dating (annually banded found in the layering
of ice cores; Lowe, 2011). This ﬁeld of advanced chronology is of essential importance in the search for precise dates
for high-resolution paleoenvironmental records and research
(Davies et al., 2012). Tephrochronology has become increasingly popular across a range of disciplines in the Quaternary
ﬁeld (Bronk Ramsey et al., 2015; Lowe, 2015), especially
for linking and synchronizing paleorecords accurately along
longer timescales. Several uncertainties in tephrochronology are similar to those known from radiocarbon dating
such as methodological and dating errors, and reworking of
dated layers. The speciﬁc challenges for this dating technique lay in that different tephras may display similar major element composition, or the same tephra may have a
temporal and spatial compositional heterogeneity (for a review and examples see Lowe, 2008, 2011). International initiatives such as INTIMATE (http://intimate.nbi.ku.dk/) and
INTREPID (Lowe, 2010) have aimed at improving uncertainties from tephrochronologies, supported by an expanding global database on tephra layers (http://www.tephrabase.
org/). Although not extensive, we provide here an overview
of studies that welcomed this technology to improve the
chronologies of their pollen records.
From Mexico down to Patagonia, there are regions of
elevated volcanic activities where frequent tephra layers
can be found. Mexico’s active seismic zones have numerous active volcanoes in the so-called “Mexico’s Volcanic
Axis” or “Trans-Mexican Volcanic Belt” (Eje Volcánico
Transversal). Ortega-Guerrero and Newton (1998) collected
tephra layers in southern Mexico speciﬁcally aimed to produce stratigraphic markers for palaeoenvironmental research.
Tephra layers called Tlácuac, Tlapacoya, and Toluco can
be found in different pollen records such as Lake Texcoco (Lozano-Garcìa and Ortega-Guerrero, 1998) and Lake
Chalco (Lozano-Garcìa et al., 1993). Additional tephra layers played an important role in the chronology of Lake PetenItza PI6, Guatemala (Hodell et al., 2008) and Laguna Llano
del Espino and Laguna Verde, El Salvador (Dull, 2004a, b).
The northern Andes forms part of the “Northern Volcanic
Zone” (Stern, 2004; Rodríguez-Vargas et al., 2005) and is
shared by Colombia and Ecuador. In the Ruiz-Tolima region
(Central Cordillera of Colombia), Herd (1982) identiﬁed 28
eruptive events during the last 14 000 years. Sites like Puente
Largo and Llano Grande (Velásquez et al., 1999) make use of
these events in their chronologies. Even sites along the Eastern Cordillera capture these volcanic ashes, like Funza (Andriessen et al., 1994; Torres et al., 2005) and El Abra (Kuhry

et al., 1993), while the ridge itself lacks volcanic activities (Rodríguez-Vargas et al., 2005). Otoño-Manizales Enea
(Cleef et al., 1995) reports ﬁve events between 44 and 28.5
thousand calendar years (kyr) BP and Fúquene another six
events between 30 kyr and 21 kyr BP (Van Geel and Van der
Hammen, 1973). Fission-track ages on sparse zircons were
obtained for the long cores from Funza 1, Funza 2, Rio Frío,
and Facatativá (Andriessen et al., 1994; Wijninga, 1996).
Ecuador is also well known for its very active volcanic
region. Two eruptions of the Guagua Pichincha and one of
the Quilotoa were seen at pollen site Papallacta (Ledru et
al., 2013b). Thanks to four radiometric 40 Ar–39 Ar dates from
tephra deposits, the chronology of the Erazo pollen record
was placed within the middle Pleistocene period (Cardenas
et al., 2011). An important overview of tephrochronology in
southern Ecuador was provided by Rodbell et al. (2002).
The central Andes forms part of the “Central Volcanic
Zone” (Stern, 2004; Rodríguez-Vargas et al., 2005) and is
shared by Peru and Bolivia. Several ice cores from the Sajama Ice Cap in Bolivia use ash layers from Volcán Huaynaputina in Peru as dating control (Reese, 2003). To support the
chronology of the long core of Lake Titicaca, nine aragoniterich layers for U/Th supported correlation with the last interglacial period (MIS5e; Fritz et al., 2007).
Finally, towards the south, the “Southern Volcanic Zone”
covers Chile and Argentina (Stern, 2004). An overview of
the Holocene tephrochronology of this volcanic zone is
presented in Naranjo and Stern (2004). The Pleistocene–
Holocene transition has shown similarity in timing with an
increase in volcanic activity in southern Chile (Abarzúa and
Moreno, 2008). Jara and Moreno (2014) assessed the potential of volcanic events as being a driver of vegetation changes
at a (sub-) millennial timescale based on 30 tephra layers
since 13.5 kcal BP. Other sites with tephras to support their
chronology are at Puerto del Hambre in Chile (Clapperton et
al., 1995) and Rio Rubens in Argentina (Markgraf and Huber, 2010), among others.
Biostratigraphic dates

Before dating by 14 C became available and more affordable, many records relied on the identiﬁcation of biostratigraphic zones. Biostratigraphy is a branch of stratigraphy
based on the study of fossils (Traverse, 1988; Bardossy
and Fodor, 2013). Delimitated zones were interpreted as sequences of rocks that are characterized by a speciﬁc assemblage of fossil remains (Gladenkov, 2010). Each zone
is a reﬂection of changing paleoecological settings different
from the previous zone, identiﬁed by a set of characteristics
such as taxon composition or abundance, or phylogenetic
lines (Gladenkov, 2010). In general, stratigraphic schemes
are still subject to constant adjustments, being updated by
new records, improved dating, and taxonomic revision. Difﬁculties arise in the accurate delimitation of the boundaries
of biostratigraphic zones. Furthermore, older records relied
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heavily on zonal matching without accurate chronological
background and assuming synchronicity. Additionally, the
zonation and biostratigraphy may depend on localized stratigraphic nomenclature and is sometimes not even directly applicable to adjacent areas. Finally, a biostratigraphic layer
may have been deﬁned using a sparse data set while depending heavily on correct taxonomy identiﬁcation. Challenges of
biostratigraphic correlation techniques are further explored
in Punyasena et al. (2012) and Barossy and Fodor (2013).
Several biochronological schemes are used or under discussion in South America and describing their development (e.g. Van der Hammen, 1994; Van der Hammen and
Hooghiemstra, 1995a) goes beyond the scope of this paper. Here we mention brieﬂy some zones for NW-SA.
Older records used presumably synchronous onsets of the
Lateglacial as a reference point in time, such as numerous
pollen records from the Valle de Lagunillas (González et al.,
1966), Sierra Nevada (Van der Hammen, 1984), and Central Cordillera (Melief, 1985; Salomons, 1986). The transition of the Pleistocene/Holocene is often mentioned in diagrams, as is the YD. The onset of the Bølling/Allerød is less
frequently used, whereas referring to and correlating regionally deﬁned stadials and interstadials is more popular. For
example, the “Guantiva interstadial” (Van der Hammen and
González, 1965a; Van Geel and Van der Hammen, 1973) and
“El Abra stadial” (Kuhry et al., 1993; Van der Hammen and
Hooghiemstra, 1995b) are commonly used biostratigraphic
dates within Colombia. These periods are considered to be an
equivalent to the North Atlantic Allerød Interstadial and the
Younger Dryas sequence, respectively (van der Hammen and
Hooghiemstra, 1995b). Similarly in the tropical Venezuelan
Andes, the “Anteojos” cold phase was proposed as equivalent to the cold reversal of the YD and as in some aspects
comparable to El Abra (Rull et al., 2010).
Other dating techniques

An exceptional dating method was used at Ciama 2 in Brazil,
through Optically Stimulated Luminescence (OSL) encompassing the period between the MIS3 (MIS5 ages were discarded) and the last millennium (de Oliveira et al., 2012).
The same technique was used at the Potrok Aike lake in
Patagonia. A 65 kyr long sediment core was recovered by the
Potrok Aike Maar Lake Sediment Archive Drilling Project
(PASADO; Recasens et al., 2012), where a combination of
OSL, tephra, and 14 C was used to establish its chronology
(Buylaert et al., 2013; Recasens et al., 2015). The pollen
record from this multi-proxy study is to be published soon
and will be an important comparison to other long cores from
South America regarding late Quaternary climate variability.
There are two important records that serve in South
America as a key reference for regional chronology testing,
which are Fúquene-9C (Groot et al., 2014) and the MD032622 marine core from the Cariaco Basin (González et al.,
2008). Both cores were analysed at high resolution (Fq-9C:

60 years; Cariaco: 350 years) and cover c. 284–27 and 68–
28 kcal BP, respectively. Both sites, however, implement different kinds of age models, namely frequency analyses of arboreal pollen % and orbital tuning (Fq-9C) and tuning to reﬂectance curve of another marine core (Cariaco, which itself
has been tuned to Hulu Cave in China). Long records, such as
also from lake Titicaca (LT01-2B and LT01-3A; Hanselman
et al., 2005, 2011; Fritz et al., 2007; Gosling et al., 2008,
2009), rely on advanced methods of orbital tuning for the
older sections and are therefore not considered in this study
for the recalibrated age model or star classiﬁcation.
3.2 Reporting of 14 C measurements and corrections

Through the years the radiocarbon community has presented
a series of papers indicating the proper way of reporting 14 C
data (Stuiver and Polach, 1977; Mook and Van der Plicht,
1999; Reimer et al., 2004a). In the early days, the world’s
laboratories reported all of their produced radiocarbon dates
in the journal Radiocarbon, a journal then dedicated to compiling these overviews. Probably the earliest radiocarbon
dates from the Neotropics can be found in Vogel and Lerman (1969), describing in detail dates produced from Cuba,
Jamaica, Colombia, Guyana, Surinam, Peru, and Argentina.
However, this system could not keep up with the increasing
number of both laboratories and studies reporting radiocarbon dates. Since then the correct reporting of 14 C dates has
relied completely on the experience and willingness of the
researchers.
Measured radiocarbon concentrations require an additional correction due to mass fractionation of 14 C atoms
during natural bio-geochemical processes (e.g. photosynthesis; Drake, 2014), and sample preparation and measurement
(Wigley and Muller, 1981). This is a δ 13 C-based correction
which has a default value of −25 ‰ based on wood (Stuiver
and Polach, 1977). In the Neotrop-ChronDB 1283 14 C dates
have reported fractionation corrections ranging from −42 to
30.2 ‰, but it is not always clear whether the authors implement any correction. This number represents a quarter of the
total number of radiocarbon dates in the database, meaning
that over 600 studies do not report this fractionation correction.
Studies specifying additional corrections such as the possible reservoir age are rare. Although organic material potentially presents this 14 C offset, it is rarely identiﬁed in terrestrial pollen records in the area of interest. For the marine
reservoir correction, the marine calibration curves incorporate a global ocean reservoir correction of c. 400 years. Nevertheless, regional differences in reservoir values should be
applied according to the Marine Calibration data set (http:
//www.calib.qub.ac.uk/marine). Some marine studies in the
region implemented a ﬁxed reservoir effect of 400 years
(according to Bard, 1988) for marine dates, while others
only mentioned the used version of the CALIB program. A
handful of marine cores in Chile (MD07-3104; MD07-3107;
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MD07-3088) estimate different local reservoir ages on calibrated ages from the IntCal calibration curve.
While Stuiver and Polach (1977) were the ﬁrst to establish the conventions for reporting radiocarbon data, Reimer et
al. (2004b) dealt with the growing use of postbomb 14 C and
a corresponding new symbol in 14 C reporting. Correct postbomb 14 C reporting is problematic in the Neotropics. Negative 14 C ages are treated highly variably, from being totally
discharged, titled “modern” or “too young” without speciﬁed
14 C value, or considered valid as the subtracted age from
1950 AD (resulting in any age estimate between 2014 and
1950). Also postbomb dates as percentage modern carbon
values (% pMC, normalized to 100 %) or “fraction of modern” (F14C, normalized to 1) sometimes mislead uninformed
authors to be acceptable 14 C ages. At this moment, only
one pollen record is known to report the F14C value with
the corresponding postbomb curve as proposed by Reimer
et al. (2004b), namely Quistococha in Peru (Roucoux et al.,
2013). Laboratory sample or identiﬁcation numbers (ID),
which are given to the samples by the radiocarbon dating laboratory, enable the laboratory to be identiﬁed and should always be published alongside the 14 C measurements (Grimm
et al., 2014; See the long version of the workshop report
published at http://www.pages-igbp.org/calendar/127-pages/
826-age-models-chronologies-and-databases).
3.3

Current age models and calibration curves

The relatively recent development of freely available computing packages has as a consequence that there is a
large bulk in the Neotrop-ChronDB without any age model
(n = 457), where most radiocarbon dates are simply plotted
along the pollen record without an explicit age-model. The
most common age model (n = 298) is based on the simplest
design, namely the linear interpolation between the dated levels, even though this is hardly a realistic reﬂection of the
occurred sedimentation history (Bennett, 1994; Blaauw and
Heegaard, 2012). Polynomial regression methods (n = 31)
and the smooth spline (n = 12) are becoming increasingly
popular but mostly in international peer-reviewed journals
compared to national publications. In the latter linear interpolation is more persistent. In six cases, age models and calibrated ages were created by the authors without further explanation. In a signiﬁcant number of cases, age–depth modelling was performed with uncalibrated 14 C ages, which does
not produce valid results due to the non-linear relationship
between radiocarbon years and calendar years.
The unclear geographical boundary between the NH and
SH calibration curve has led to ﬁnding pollen records from
the same region using curves from either side of the hemisphere. This is seen in the highland of Peru and Bolivia where
the boundary between the IntCal13 (NH-curve) and SHCal13
(SH-curve) realms is still unclear and even causing the use of
different calibration curves for the same lake. Several Bolivian lowland studies explain the inﬂuence of the southern

range of the ITZC migration and therefore justify the use of
the northern calibration curve (Mayle et al., 2000; Maezumi
et al., 2015). The existence of a 14 C age difference of up to
a few decades between the NH and SH has been discussed
in the literature, e.g. McCormac et al. (1998), Turney and
Palmer (2007), and Hogg et al. (2013). This temporal uncertainty should be taken into account and it would be useful if
authors address the choice of calibration curve in the publications.
Statistical approaches to chronological modelling have expanded dramatically over the last two decades. Advances in
computer processing power and methodology have now enabled Bayesian age models which require millions of data
calculations – a method which would not have been possible
before. The development of such freely available Bayesian
age-modelling packages as “OxCal” (Bronk Ramsey, 1995),
“BCal” (Buck et al., 1999), “Bchron” (Parnell et al., 2008),
“BPeat” (Blaauw and Christen, 2005) and “Bacon” (Blaauw
and Christen, 2011), has greatly advanced the science. To our
knowledge, however, so far there has been only a single application of Bayesian methods for age modelling in South
America, namely at Papallacta 1-08 (Ledru et al., 2013b).
The authors included a priori information on sedimentation
rates and tephra layers to construct the age model and consequently derive the best age for an uncertain tephra deposition.
The use of the sedimentation conditions is a highly relevant
component for age model development but rarely seen to be
taken into account. Plotting the sediment record next to the
age model would complement greatly the interpretation of
the chronology (as shown as an example in Fig. 2).
Combining prior information from the sequences with the
geochronological data is the basis of a Bayesian approach
to construct an age–depth model (Blaauw and Heegaard,
2012). The current lack of Bayesian-based age models in
the Neotropics could be due to classic age–depth models
(based on linear interpolation, smooth splines or polynomial regressions) being regarded as the most realistic models, or to the usefulness of Bayesian methods not yet having been explored. Each model comes inherent with errors
and uncertainties (Telford et al., 2004), and each method
consists of different approaches to address them. Linear interpolation for example provides reasonable estimates for
ages and the gradients between adjacent pairs of points, but
only includes the errors at the individual age-determinations
and does not consider uncertainties and additional measurements (Blaauw and Heegaard, 2012). A wider range of possible errors can be included in “mixed-effect models”, while
Bayesian age–depth modelling produces more realistic estimates of ages and uncertainties. Although we did not engage
in Bayesian modelling in this study, even if researchers ﬁnd
themselves without much prior knowledge of regional accumulation rates, Bayesian methods could well provide more
realistic estimates of chronological uncertainties than classical methods (Blaauw et al., 2016). Researchers are encouraged to make use of the freely available character of the
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3

Figure 3. Temporal uncertainty assessment on recalibrated control points and age models in northwest South America. (a) Number of
stars assigned to samples of recalibrated chronologies (normalized to 100 %). (b) Median value of stars and resolution of the recalibrated
chronologies. The small window displays the region of the Galapagos Islands and the marine core ODP677.

Bayesian software packages to test multiple age–depth models, compare models that best approximate their knowledge
of the sediment conditions, and address these comparisons in
their studies.
3.4 Age model evaluation of northwest South America
(NW-SA)

From a total of 292 pollen records revised, 242 preliminary
age models were regenerated based on the provided dates.
The other 50 pollen records either presented a lack of multiple geochronological dates or had too many chronological problems. During the process of adjustments of the age
models for hiatus, outliers, and slumps, another nine pollen
records were rejected as no reliable models could be pro-

duced. In 125 cases both linear interpolation and spline could
be implemented, requiring at least four valid geochronological dates for the latter. The median number of stars for recalibrated chronologies of NW-SA is 3, which we consider
surprisingly high.
Based on the 233 checked and recalibrated age models
from NW-SA (Table 1), the sample resolution (maximum,
minimum, median, and mean value) was estimated per pollen
site and for the entire NW-SA. The resolution was calculated
as the time between two consecutive depths with proxy information (sample depths). Minimum resolutions range from
10 years to 1 kyr, compared to the maximum value between
5 and 36 kyr (mostly due to extrapolations). The overall sample resolution estimates indicate that the average temporal
resolution of this multi-site synthesis is c. 240 years, a res-
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Figure 4. Histograms depicting the star classiﬁcation outcome on sample level (a, c) and sites (b, d) for the last 60 kcal BP. Histograms
(a) and (b) depict the MIS 3 (at 1000 year time bins) and histograms C and D the last 25 kcal (at 500 year bins). The height of the bar
indicates the number of samples or sites with a certain number of stars. The different colours illustrate the number of stars assigned for that
time bin. Samples and sites beyond 60 kcal BP were not presented due to the very low number of sites available (Fig. 5).

olution that allows analyses of ecological responses to submillennial-scale climate change. From a synoptic perspective, the NW-SA pollen records do not show spatial clustering based on the assigned stars (Fig. 3a). In other words,
chronologies with good and poor control point density (number of control points per unit time) can be found along all
the different elevational and latitudinal ranges. The best context to the star classiﬁcation system can be given in conjunction with the sample resolution estimates as chronologies
might present high sample resolution but poor chronological
backup, and vice versa. What is evident as a result of the recalibrated age models is the high number of pollen records
within the 0–500 years resolution with relatively high temporal quality (Fig. 3b).
3.5 Time window evaluation

than 65 kcal BP, mean resolution shifts around 2000 years per
sample with a star classiﬁcation of mostly 0–1. Temporal uncertainty is high due to extrapolation of age models through
a limited number of control points and additional hiatus difﬁculties.
MIS 3 (60–27 kcal BP)

MIS 3 is better represented in samples (Fig. 4a) and sites
(Fig. 4b), and shows a wider variation in the star classiﬁcation. The median number of 1 star still indicates a relatively
poor control point density in the chronologies and therefore
high temporal uncertainty. This time window is characterized
by relatively older sites with reduced chronological quality even though overall resolution is at centennial timescale
(430 years).

MIS 5 (c. 130–70 kcal BP)

LGM, H1, and YD/Holocene transition

Within this study, this time window is represented by only
4 pollen records from two lakes, namely from Lake Titicaca
LT01-2B and LT01-3A (Hanselman et al., 2005, 2011; Fritz
et al., 2007; Gosling et al., 2008, 2009), and Fúquene 3 and
7 (Mommersteeg, 1998; Van der Hammen and Hooghiemstra, 2003; Vélez et al., 2003; Bogotá-Angel et al., 2011).
Research into millennial-scale climate variability is difﬁcult
during this time window, as sample resolution varies greatly
from a few centuries to several millennia. For periods older

The vast majority of chronologies cover the Holocene and
Lateglacial time intervals because they have been established
from lakes formed after the last glaciation. Consistent with
the large number of pollen records that reﬂect the Holocene
(Flantua et al., 2015), the highest density of palynological
sampling covers the last 10 kcal (Fig. 4c). Most samples fall
within the category of presenting “good” control point density, namely either 3 or 4, just as the individual sites evaluated (Fig. 4d). There is an overall good point density in the
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4 Discussion
4.1 Chronological data reporting

The relevance of publishing details on the sample, laboratory and reference numbers, provenance and reservoir correction details seems underestimated by authors in many
cases. Studies with insufﬁcient chronology reporting undermine the consistency and credibility of the results presented,
and weaken the value of the radiocarbon dates. Furthermore,
considering the expanding palynological research (Flantua
et al., 2015), papers with deviations in chronology reporting
will most likely not be used within the context of multi-proxy
comparisons or more expanded regional synthesis efforts.
Additionally, paleo-vegetation records with proper chronology details are frequently scanned by the archaeological
community to correlate human and environmental dynamics (Aceituno et al., 2013; Delgado et al., 2015). Equally
relevant are paleoecological records with solid chronologies
for late Pleistocene understanding of megafaunal extinctions
(Barnosky et al., 2004). Missing out on the chronology description is without doubt an unnecessary way to affect the
credibility and citation rate of any study. A top-down approach to improve radiocarbon reporting initiates at the journals demanding complete and correct chronology information. Not less important are the reviewers in critically evaluating the presented age models. Sources to remain updated on
the requirements of dating reporting are numerous (e.g. see
Millard, 2014), but speciﬁc details can be online accessed
through http://www.c14dating.com/publication.html. Additional recommendations can be found in Blaauw and Heegaard (2012) and from the “Neotoma Age models, chronologies, and databases workshop” in Grimm et al. (2014).
4.2 Temporal uncertainty assessment of chronologies

The importance of high-resolution records but especially
temporal quality has been illustrated through the development of updated age models and control point density assessments. Compared to the implementation of the method in the
EPD (Giesecke et al., 2014), there is a higher proportion of
samples and sites in the last 5 kcal BP in NW-SA. The most
common sample resolution in the EPD is between 50 and
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Last Glacial Maximum (LGM) and H1 are represented by far
fewer records with varying temporal quality.
The integration of the recalibrated chronologies and the
estimated sample resolutions indicate the essential value of
the existing radiocarbon calibration curves: there is a clear
threshold at c. 55 kcal BP (beyond the extent of the current 14 C calibration curves) from where the control point
density and resolution currently do not support research on
millennial timescales, as sample resolutions are on average
1300 years and temporal uncertainty high (Fig. 5).
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Figure 5. Changing mean sample resolution (left) and mean number of stars (right) of the pollen database of northwest South America during the period 100 kcal to −50 cal yr BP.

250 years, while the NW-SA has a mean resolution of 235
years. This resolution is actually higher than we expected and
this could be due to several reasons. First of all, during the
age modelling procedure, chronologies with too many disturbing features were not used, implementing a ﬁrst selection
towards the best possible age models. Secondly, to assign
10 cm sample intervals for older pollen records to unknown
sample depths could be an overestimation for sample resolution (many older records were sampled at > 20 cm). Thirdly,
there are several very high-resolution sites that cover signiﬁcant time periods overpassing greatly in sample numbers the
sites with relatively low temporal resolution. Any calculation
based on multi-site information should use a median value
instead of the mean value (Fig. 3), which is less sensitive
to extremes. Nonetheless, the general tendency is that pollen
records in NW-SA are improving chronological settings with
high sample resolution on centennial timescales.
Until now, differences in resolution and chronological
quality between older and newer sites have hampered the
ongoing discussion on the rapid climatic shifts such as the
YD. A synchronous similar climate reversal at the YD is not
evident throughout South America. Differences in magnitude have been observed between Venezuela and Colombia
(Rull et al., 2010), while pollen records at relatively close
distances in Peru/Bolivia are considered both different in
timing and expression (Hansen, 1995; Paduano et al., 2003;
Bush et al., 2005). This points again to the danger of using
assumed synchronous events to align archives across a region – e.g. Israde-Alcántara et al. (2012a), who align several
poorly dated sites in Latin America to circularly argue for a
YD comet impact (Blaauw et al., 2012; Israde-Alcántara et
al., 2012b). New studies on correlating biostratigraphic patterns with improved chronology are important as they can
identify possible long-distance synchronicity of climate signals, but at the same time display their own local signature when supported by high-resolution data. Therefore, additional well-dated records have a high potential of contributing to this current discussion (e.g. Rull et al., 2010; Montoya
et al., 2011a). However, advanced tools to assess leads, lags,
and synchronicity in paleorecords are still urgently needed
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(Blockley et al., 2012; Seddon et al., 2014) while only few
case studies have yet explored the available tools (Blaauw
et al., 2007, 2010; Parnell et al., 2008). As long as the discussion consists of correlating poorly dated events, new hypotheses based on assumed synchronous events fail to provide additional insights to current questions.
5

Conclusions and recommendations

This paper presents an overview on chronological dating and
reporting in the Neotropics, based on a new Geochronological Database consisting of 5116 dates from 1097 pollen
records. To support centennial- to millennial-scale climate
research, the temporal resolution and quality of chronologies from 292 pollen records in the northwest South America
were assessed based on the method proposed by Giesecke
et al. (2014). This method includes associated evaluations
of uncertainties for the inferred sample ages and age models, and is suitable for a wide range of proxies. Over 300
publications were evaluated and new age models were constructed based on new calibration curves implementing either
linear interpolation or (preferentially) smoothing splines. Using the R-code CLAM these newly derived chronologies
formed the basis to estimate the sample error from the
uncertainties of control points density in the age model.
These sample-age conﬁdences are assigned so-called “stars”
and this semi-quantitative star classiﬁcation system is discussed for different time windows such as MIS5, MIS3, the
LGM and the YD. Based on these classiﬁcations, uncertainties and age control requirement are discussed for research into millennium-scale climate variability. This provides a general-purpose chronology ﬁt for most continentalscale questions and multi-proxy comparisons of temporal uncertainties.
Finally, we address speciﬁc ﬁelds of improvements for
chronological reporting in pollen records. It is important
for authors to report at the necessary detail the chronology
of their sediment core because it is the spinal core of the
interpretation. Furthermore, due to the spatial coverage of
the LAPD, for the increasing number of questions requiring
multi-proxy comparison, sites can be selected based on their
considered usefulness for models. There is a lose–lose situation by not including potentially important sites just because
the chronology is insufﬁciently presented in the paper. The
number of recent sites that present incomplete descriptions of
their presumed age model is striking, leaving out information
such as depths, calibration method, and even only presenting
calibrated dates without further explanation.
The discussion on detecting synchronicity of rapid climate change events should pass from correlating chronologies with incompatible resolution and temporal quality, to
understanding the causes of leads and lags between geographically different localities with high chronological settings. Future studies on detecting rapid climate changes in a

multi-site and multi-proxy context can be supported in their
site selection procedure by the method presented in Giesecke
et al. (2014). The method here implemented is fully suitable
for other regions and proxies that deal with geochronological dating. As the Neotrop-ChronDB currently covers a much
larger area, similar exercises can be done for other regions.
The vast number of sites reﬂecting the last 10 kyr BP with
high samples densities and well-presented chronologies offer great opportunities for currently running working groups,
like the International Biosphere Geosphere Programme/Past
Global Change – 6k (IGBP-Pages 6k, www.pages-igbp.
org/workinggroups/landcover6k/intro) and Long-Term climate REconstruction and Dynamics of South America –
2k (LOTRED-SA-2k; www.pages-igbp.org/workinggroups/
lotred-sa/intro). Both multi-proxy working groups address
human–environmental interactions in which pollen records
in Central and South America are a vital source of information (Flantua et al., 2016).
The produced chronologies in this paper do not substitute the validity and interpretation of the authors’ original
chronology, but serve the purpose to present an overview
of the current potential temporal resolution and quality,
and contribute to the discussion on age model assessments.
Data control often varies throughout the record, therefore
we emphasize the recommendation provided by Giesecke
et al. (2014) that the star classiﬁcation should be used in
conjunction with the propagation of age uncertainty from
the dates through the age model. The success of the use of
Bayesian methods depends partly on the background knowledge of the researchers (e.g. knowledge of accumulation
rates of comparable sites in the region) to adjust the age
model accordingly. As we do not pretend to have this a
priori information to make full use of the results obtained
from Bayesian modelling, we think that it is more appropriate to motivate researchers to consider this method for future studies. Users should always check the original papers
and address questions on the chronologies to the main authors. At the same time, calibration curves as well as agemodelling methods will continue to be updated, so age models should rather be considered as inherent to a dynamic process of continuous improvement, rather than a static side
component of a paleoecological record. For that purpose,
we would like to emphasize that there are increasingly more
resources available for providing Digital Object Identiﬁcations (DOI) to stand-along data sets, ﬁgures and variable media to obtain the rights to be cited as any other literature
reference (e.g. Fig Share: http://ﬁgshare.com; Data Dryad:
http://datadryad.org/). Authors considering an updated version of an age model could evaluate these resources, as well
as for unpublished pollen data sets
Supplementary information from this paper (all outcomes,
R-scripts, and manual in English and Spanish) is available at
ﬁgshare:
https://figshare.com/articles/Star_Classification_System_for
_Age_Models/2069722/2
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The Supplement related to this article is available online
at doi:10.5194/cp-12-387-2016-supplement.
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Introduction
This document presents the outcomes and the manual of the methodology presented in the paper
“Geochronological database and classification system for age uncertainties in Neotropical pollen records”
by S.G.A. Flantua, M. Blaauw and H. Hooghiemstra in Climate of the Past 2016.
The methodology uses the R-code called ‘Clam’ to perform age-depth modelling for palaeoecological
records (in this case pollen records) and implements an adjusted version from the ‘star classification
system’ presented in Giesecke et al. (2014). This star classification is displayed along a site’s age model to
indicate age uncertainty.
This document has been structured in two parts:
1) Outcomes from Flantua, Blaauw and Hooghiemstra (2016).
2) Setup of the programs and the scripts or “codes” to produce new age models with star classification
outcome.
This is the Version I of this manual, uploaded January 2016. We will aim to update this manual when
further improvements are needed. If you have any questions or comments, please don’t hesitate to contact
us. We would be happy to hear from you.

Suzette Flantua: s.g.a.flantua@uva.nl
Maarten Blaauw: maarten.blaauw@qub.ac.uk
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1. Outcomes from Flantua, Blaauw and Hooghiemstra (2016).
1) From https://figshare.com/articles/Star_Classification_System_for_Age_Models/2069722/2 download
the folder called "Flantua_ClimPast_2016.zip".
This folder contains the original publication and the following files:
“Flantua,Blaauw, Hooghiemstra_2016_CP_AgeModelling.pdf”, the table with the list of sites used
“LIST_sites.xlsx”, the literature list from these sites “LIST_publications_from_sites.xlsx” and the
folder “Cores” with the recalibrated age models from this paper and the corresponding folder with all
the descriptions. The text file “script_per_agemodel_FINAL” contains the parameters used for each age
model in the R scripts.

 Open “LIST_sites.xlsx”. The first column indicates the identification number that concurs with the
numbers in the folder “Cores”. The last column indicates the reference you will find in the file
“LIST_publications_from_sites.xlsx”. In the latter, you will obtain the complete reference organized
in alphabetic order.
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 Open the folder “Cores” in your file browser.
Here you will find for each core (analyzed pollen record) the age models as present in the
“LIST_sites.xlsx”.
 Open folder “0309_CTY1”. Here you find the folders of the different age models.
 Open folder “Run8”. You will find the different files that served as input and the files that were
produced as output. In the following Table 1 each file is explained in more detail. All .txt and .csv
files can be opened in a plain-text editor such as WordPad.
 As you will see, each run will always have an age model produced by linear interpolation and in
case that more than three control points were available (e.g. 14C data points), also a smooth spline
age model.
Table 1. Age model files
FILE NAME

EXPLANATION

0309_author_depths.csv

Csv (comma-separated value)-file with the sample
depths.

0309_CTY1.csv (input)

‘Control point file’: File with the data on the control
points (such as

14

C), error, reservoir, depth, thickness

and RCode (Codes explained in Table 2). This is one
of the basic files required to run ´Clam´.
0309_CTY1_depths.txt (input)

Text file with the sample depths. This is one of the
basic files required to run ´Clam´.

0309_CTY1_calibrated.txt (output)

File with the calibrated age ranges at 95% confidence
interval.

0309_CTY1_interpolated.pdf (output)

Generated age model based on interpolation, pdf
format.

0309_CTY1_interpolated.png (output)

Generated age model based on interpolation, png
format.

0309_CTY1_interpolated_ages.txt (output)

Calibrated ages for each sample depth based on
interpolation. From left to right: depths, minimum
calibrated age, maximum calibrated age, “best” age,
estimated accumulation rate.

0309_CTY1_interpolated_settings.txt (output)

Parameters used to produce the interpolated age
model, such as calibration curve used, modeling
method and goodness-of-fit.
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0309_CTY1_interpolated_stars.txt (output )

Outcome from the star classification system based on
interpolation.

From

left

to

right:

sample

depth,

[constant] star assigned when a segment is straight,
[bad.extra] stars assigned when maximum distance to
nearest date (yr) = 2000, [good.extra] max. distance to
nearest date (yr) = 1000, [best.extra] max. distance to
nearest date (yr) = 500, [stars] total number of stars.
0309_CTY1_old.csv

Reference file indicating depths and control points with
top (TOP) and bottom (BOT).

0309_CTY1_smooth_spline.pdf (output)

Generated age model based on smooth spline, pdf
format.

0309_CTY1_smooth_spline.png (output)

Generated age model based on smooth spline, png
format.

0309_CTY1_smooth_spline_ages.txt (output)

Calibrated ages for each sample depth based on
smooth spline. From left to right: depths, minimum
calibrated age, maximum calibrated age, “best” age,
estimated accumulation rate.

0309_CTY1_smooth_spline_settings.txt

Parameters used to produce the smooth spline age

(output)

model, such as calibration curve used, modeling
method and goodness-of-fit.

0309_CTY1_smooth_spline_stars.txt (output)

Outcome from the star classification system based on
smooth spline. From left to right: sample depth,
[constant] star assigned when at straight

segment,

[bad.extra] stars assigned when maximum distance to
nearest date (yr) = 2000, [good.extra] max. distance to
nearest date (yr) = 1000, [best.extra] max. distance to
nearest date (yr) = 500, [stars] total number of stars.
0309_CTY1_smoothspline.pdf (output)

Generated age model based on smooth spline with the
star classification result plotted along the vertical axis,
pdf format.
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Table 2. Description of “RCode” in control point file
RCODE

DESCRIPTION

PB2

210Pb

C14

Carbon-14 or Carbon-14: AMS

BEN

Compared with benthic oxygen isotope data

BOT_C

Core base estimated

BOT_A

Core base known

BOT_U

Core base unknown

TOP_C

Core top estimated

TOP_A

Core top known

TOP_U

Core top unknown

Fision

Fission track

LS

Liquid scintillation

TEF

Tephra

TL

TL-date

U238

Uranium series

DER

Age derived from known event

Descriptions of the original and recalibrated age models (folder “Descriptions age models”)
As mentioned previously, each document provides the metadata of the pollen record (site name and
original publications), important observations on the original age model, and the newly calibrated age
model by Flantua, Blaauw and Hooghiemstra (2016). We did not include figures and tables from the
original age models due to copyright issues, but this information has been collected as well for
comparison. The document furthermore mentions if an original depths file was available (the exact depths
at which samples were taken) or if depths were derived from the original publications. For each record
different age models were created to compare the effect of including e.g. an outlier, a hiatus and/or
estimated top age. In the description there will be an explanation of the ‘runs’1 executed and the
differences between them in terms of the used parameters The last model in consecutive order (e.g. run 9
vs run 8) is generally the one considered with the best fit. The outcomes are all found in the corresponding
folders of the records in the folder ‘Cores’ within the folder “Flantua_ClimPast_2016” and the text file
“script_per_agemodel_FINAL” includes the parameters for each age model as used in R (explained later
on in this manual).

1

With a ‘run’ is meant the execution of the R codes presented in this manual.
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2. Setup of the programs and codes.
Here we will explain the basics of running Clam to make an age model for your own record and how to
obtain the star classification output alongside.
Required programs
1) R: You need to have installed a recent version of the free open-source statistical software R (R Core
Team, 2015). This program is needed to run the different codes from this manual. To obtain the latest
version of R, please access https://www.r-project.org/. R runs on a wide range of operating systems
including Windows and Mac. Install the program as you would with any other program.
2) Clam.R: Clam is a code that will run in R. Therefore, it has the extension “.R”. With this code you
will be able to perform ‘classical’ age-depth modelling (Blaauw, 2010), which is different to the flexible
Bayesian age-depth modelling performed by the code called Bacon (Blaauw and Christen, 2011). Here
we only use Clam. To obtain the latest version of Clam, go to http://chrono.qub.ac.uk/blaauw/Clam.html
There you will also find the extensive version of the manual on Clam.
3) StarClassification_AgeModels.R: This is also an R-code and in this case needed to perform the
star classification system on the age models.
Install programs
1) From the link https://figshare.com/articles/Star_Classification_System_for_Age_Models/2069722/2
download the file called Clam_Stars.zip. Unzip to somewhere on your computer where you have write access
(e.g. d:\Clam_Stars).
2) In this folder you will find three R-codes and the different calibration curves available to create age
models. The calibration curves are in a format “14C file”. Furthermore there is a folder called ‘Cores’ that
contains two examples to run the scripts before preparing your own data. This folder contains the different
files needed to run the age model, such as the 14C data and sample depths (See the ´input´ files in Table 1).
This will be explained in further detail in the next section.
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How to access and run the codes
 Open R
 Change the working directory to the Clam_Stars folder (e.g. d:\Clam_Stars).
 Load the R-code Clam so to enter the age modelling program as followed:
o

Write: source ("Clam.R")

o

Enter

o

Output: > “Hi there, welcome to Clam for age-depth modelling.”

 To

run

the

star

classification

system,

you

have

to

load

the

R-code

called

‘StarClassification_AgeModels.R’
o

Write: source ("StarClassification_AgeModels.R")

o

Enter

o

No output will be shown, but the code is now loaded.

 R is now ready to use Clam to create an age model and to implement the star classification
system to define age uncertainty for each sample.
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Note
The R codes and the ‘Cores’ folder always need to be organized together as shown in the figure above and
names of files and folders should not be changed.
In the Clam_Stars folder there is a R-code called “Script_per_AgeModel.R”. You can open this code in
RStudio or with the program Notepad. You will see two commands starting with “Agemodel.stars”, then
the identification of the core (e.g. “0309_CTY1”) and what follows are the parameters to define additional
features of the age model. In this case: Agemodel.stars("0309_CTY1", cc=3, smooth=0.3
Here below we first explain the parameters we have been using for the age models, e.g. type of calibration
curve, outliers and hiatus.
Parameters to define your age model
For each age model you want to create, you need to specify the parameters. For several parameters, there
is already a default value defined in Clam (see the manual of Clam for additional information on these
default values: http://chrono.qub.ac.uk/blaauw/Clam.html).
Calibration curves
To define which calibration curve needs to be implemented, the term ‘cc’ is used e.g.
Agemodel.stars("0893_FUQ3", cc=1). By default the northern hemisphere terrestrial calibration curve
is used (Table 3). To use alternative curves, change the value of ´cc´ to the number of the desired
calibration curve (e.g. cc=2).
Table 3. Calibration curves and number
Calibration curve

Number

IntCal13.14C

1

Marine13.14C

2

SHCal13.14C

3

Postbomb calibration curve
Negative radiocarbon ages are calibrated using postbomb curves and the user needs to inform Clam which
curve to use. If no postbomb option is provided for cores with negative radiocarbon ages, Clam will not
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produce an age-depth model. To know which postbomb calibration curve to use (Table 4), there is a world
map presented in Hua et al. (2013). When the appropriate postbomb curve is identified, this can be
specified

in

the

R-code

“script_per_agemodel.R”

by

the

expression

‘postbomb’,

e.g.

Agemodel.stars("0394_TQMA", cc=3, postbomb=5). In this example, postbomb curve SH3.14C is
used.
Table 4. Postbomb calibration curves and number

Postbomb calibration curve

Number

postbomb_NH1.14C

1

postbomb_NH2.14C

2

postbomb_NH3.14C

3

postbomb_SH1-2.14C

4

postbomb_SH3.14C

5

Hiatus
A core can have a hiatus (a missing section in the core) at a certain depth or even multiple ones. In some
cases this can be important to include in the age depth model. The expression ‘hiatus’ is used as followed:
‘hiatus=470’ meaning that there is hiatus at 470 cm depth, or in case of multiple ones: ‘hiatus =
c(470,600)’ (hiatus at 470 cm and 600 cm depth). In “script_per_agemodel.R” it will look like this:
Agemodel.stars("0907_JOTAR", cc=1, postbomb=2, hiatus=c(410))
Slump
A slump can occur when a mass movement of sediment is introduced into the record. On some cases this
can be important to include in the age depth model. For the expression ‘slump’ you need to define the
upper and lower depths, e.g. slump=c(470,600) when there is a slump at 470 cm depth, or in case of
multiple ones: ‘slump = c(80,100,470,600)’ (slump between 80 cm and 100 cm depth, and between 470
and 600). In “script_per_agemodel.R” it will look like this: Agemodel.stars("0875_BOSQ1", cc=1,
slump=c(72,90)).
Outliers
Control dates may be considered as outliers due to recent contamination or mixing of sediment, among
others. The outliers are marked in Clam by the expression ‘outliers’ and their position within the control
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point file should be indicated counting from the top of the sequence. For example, in case that the second
date in 0309_CTY1.csv (input) would be the outlier (3095 14C yr), then the expression in
“script_per_agemodel.R” will become: Agemodel.stars("0309_CTY1", cc=3, outliers=c(2)).
Smoothness of smooth spline age model
The R-code to implement the star classification system will always try to produce two types of age
models. The linear interpolation or regression needs at least two control points and the smooth spline at
least four data points. The smoothness of the smooth spline can be adjusted by using the expression
“smooth”. The default value is 0.3. To produce an age model with a “stiffer” smoothness (for example to
avoid age reversals) higher values should be used, e.g. smooth=0.5. For a more flexible smooth spline (for
example to better “fit” dispersed dates), lower values can be used, e.g. smooth=0.15. In
“script_per_agemodel.R” it will look like this: Agemodel.stars("0333_LKAT", cc=3, smooth=0.22).
Organizing the input file
Within the folder ‘Cores’ you will find two folders from two different records, namely 0309_CTY1 and
0310_CTY2.

Within each folder you will find two input files that start with exactly the same name as the folder. This is
very important that the name of the folder is EXACTLY the same as the files within the folder, or else
clam will give you an error and will not produce any age model. The two files in each folder are the two
necessary input files as described in Table 1.
The input files
1)

The ‘Control point file’: File with the data on the control points and corresponding
information.

2)

Depth-file. The file with the depths at which samples were taken.

How to make a Control point file:
1) Open Excel to make the control point file.
2) This file has 8 columns of information of which 7 are read by Clam.
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Table 5. Postbomb calibration curves and number
1

HEADER

INFORMATION

ID

Identification codes of each control points, such as laboratory code. Both letters
and numbers may be used.

2

C14_age

Uncalibrated age of control point, such as the 14C age or the tephra age as
measured by the laboratory. Units are in years before present.

3

Cal_BP

This column is most often left open because Clam calculates the calibrated
ages itself. This column can be used if you want to include the estimated top or
bottom age, for example by “0” or ”-60” to indicate that top section is ´recent´.
Only provide a year before present (cal yr BP), because text characters, e.g.,
"AD 1900" or "1900-1950" for a calendar age cause problems.

4

error

Error of the uncalibrated age of control point, e.g. “150” for 150 years. Errors
should always be greater than 0.

5

reservoir

If the age offset due to the reservoir effect is known, then include here.

6

depth

Depth as which the control point is taken. Units are in cm, e.g. “28” for 28 cm.
This column should never be left open.

7

thickness

The thickness of the sample to derive the control point, e.g. “5” for 5 cm. The
default thickness is 1 cm and will obtain this value when this column is left
open.

8

RCode

(optional) An additional column used to include a code on the control point,
such as 14C for a

14

C date, TOP_C for an estimated top age, or TEF for a

tephra age. Additional options are shown in Table 2.

Notes:
 Name the columns exactly in the same order and with the same name as described in Table 5.
 Order the dates according to their depths, starting with the highest dates and working downwards.
 Do not use commas as decimals separators but dots.
 This file should be in csv-format. Use the function “Save as” to replace the Excel file (in case you
use Excel) by csv.
 The .csv file can be opened in a plain-text editor such as WordPad or NotePad to quickly check
for and correct any errors (e.g. removing empty rows with lots of commas).

Click “Save as type” and look for “CSV (Comma delimited) (*.csv)”
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Depth file:
This file is a simple text file that should only have the list of depths in cm at which samples were taken.
Do not include a header like “depths (cm)”, only the values of the depths. This file should have exactly the
same name as the folder including “_depths”.
Organization of the folders and files
Make sure that you have everything organized as shown in
the folder ‘Clam_stars’. This means having the 14C files
together with the R files and the folder ‘Cores’ with the
folder with your site information.
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To run clam and the star classification system for ONE age model
When you are ready with defining your parameters and you have your folders ready, let’s say in this case
Agemodel.stars("0310_CTY2", cc=3, smooth=0.2), you can paste this directly into R Console (where
you write your commands where the > symbol is). By pressing ‘Enter’, clam.R and
StarClassification_AgeModels.R will run and produce the output within the folder you have destined to
your record, in this case folder “0310_CTY2”. All output files as specified in Table 1 will be produced.
To run clam and the star classification system for MANY age models
For running many age models at a time, it’s useful if you use a R-code where the parameters from each
record are joined and clam will run through all of them to produce age models. For this purpose, the file
“script_per_agemodel.R” can be used to run several age models at a time.
In this example, the file “script_per_agemodel.R” contains the commands for two records, 0309_CTY1
and 0310_CTY10.
 To tell Clam that it needs to read the R-code “script_per_agemodel”:
o

Write in R Console: source “script_per_agemodel.R”

o

Output: Each core folder will now contain the age models with the star classification
output (see Table 1).

For your own age models:
You can paste the commands for each separate age model directly in script_per_agemodel.R (e.g. if you
have it open in RStudio. Don’t forget to save!) or you can use Notepad to make adjustments and then save
back to an R-file. When you used Notepad, simply save “script_per_agemodel.R” as text. Now change the
extension (e.g. by using Windows Explorer) from “.txt” to “.R”, to convert it into a R file. Now the file is
ready to be read by Clam.
NOTE:
Each time you run Clam reading the “script_per_agemodel.R” file, the files within the folder ‘Cores’
will be overwritten. So all the output files from Table 1 will be overwritten. If you would like to save
those output files, move the output files to another folder but take care that you leave the input files for
Clam to read.
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PREFACE
This chapter has been published as follows:
Flantua, S.G.A., Hooghiemstra, H., Vuille, M., Behling, H., Carson, J.F., Gosling, W.D., Hoyos, I.,
Ledru, M.P., Montoya, E., Mayle, F., Maldonado, A., Rull, V., Tonello, M.S., Whitney, B.S.,
González-Arango, C., 2016. Climate variability and human impact in South America during
the last 2000 years: synthesis and perspectives from pollen records. Climate of the Past
12(2), 483–523. doi:10.5194/cp-12-483-2016. Open access.
In the previous chapter I proposed that including a quality assessment of the age models
that accompany fossil pollen records is an important requisite for multi-site comparison.
The proposed method is one of various ways that the temporal uncertainty within
chronologies can be taking into account. For instance, the PAGES 2k Network (2008-2016)
was a global initiative aiming at the integration of different paleo-proxies to understand
climate variability during the last 2000 years. For this purpose, a set of requirements on the
chronology and resolution was defined for paleo-records to be considered. A continentalscale temperature variability during the last 2000 years was presented by the PAGES 2k
Consortium in 2013. Unfortunately the study did not include pollen records for South
America, probably due to a lack of awareness on the availability of data.

The current Chapter 4 exemplifies the importance of having an updated site compilation of
Latin American fossil pollen research (Chapter 2) and the value of implementing a set of
criteria at forehand on the chronological quality (as argued in Chapter 3). Furthermore, this
chapter shows the valuable contribution by qualitative assessments based on expert-based
knowledge.

The first step in answering my research question ‘Which time periods show synchronous
responses of pollen associations and are there regional differences?’ is to make continental
overview of changes of time between sites. With the notion of the large number of records
in different key regions throughout South America, this chapter describes in more detail
observed patterns on climate variability during the past 2000 years. With experts
describing seven different regions, multi-site comparison is presented to describe climatevegetation interaction. Records are evaluated based on their chronology and suitability to
be included in advanced climate models. From shifts in pollen composition, changes in the
moisture balance and temperature are derived for each region. The observed climate
variability is put into context with the six different climate modes in contemporary times.
Additionally, a synthesis work is presented on the identification by pollen records of human
impact on the landscape.
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Abstract. An improved understanding of present-day climate variability and change relies on high-quality data sets
from the past 2 millennia. Global efforts to model regional
climate modes are in the process of being validated against,
and integrated with, records of past vegetation change. For
South America, however, the full potential of vegetation
records for evaluating and improving climate models has
hitherto not been sufﬁciently acknowledged due to an absence of information on the spatial and temporal coverage
of study sites. This paper therefore serves as a guide to highquality pollen records that capture environmental variability
during the last 2 millennia. We identify 60 vegetation (pollen)
records from across South America which satisfy geochrono-

logical requirements set out for climate modelling, and we
discuss their sensitivity to the spatial signature of climate
modes throughout the continent. Diverse patterns of vegetation response to climate change are observed, with more similar patterns of change in the lowlands and varying intensity
and direction of responses in the highlands. Pollen records
display local-scale responses to climate modes; thus, it is
necessary to understand how vegetation–climate interactions
might diverge under variable settings. We provide a qualitative translation from pollen metrics to climate variables.
Additionally, pollen is an excellent indicator of human impact through time. We discuss evidence for human land use
in pollen records and provide an overview considered useful

Published by Copernicus Publications on behalf of the European Geosciences Union.
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for archaeological hypothesis testing and important in distinguishing natural from anthropogenically driven vegetation
change. We stress the need for the palynological community
to be more familiar with climate variability patterns to correctly attribute the potential causes of observed vegetation
dynamics. This manuscript forms part of the wider LOngTerm multi-proxy climate REconstructions and Dynamics in
South America – 2k initiative that provides the ideal framework for the integration of the various palaeoclimatic subdisciplines and palaeo-science, thereby jump-starting and fostering multidisciplinary research into environmental change
on centennial and millennial timescales.
1

Introduction

Accurately simulating the complexity of Earth’s climate system is still a major challenge for even the most advanced
Earth system models. One major obstacle for evaluating
model performance in historical runs is the lack of long
and reliable climate records from some regions of the Earth.
Given the scarcity of instrumental records in many regions,
alternative, proxy-based climate reconstructions therefore
provide an excellent data set against which to test models
and their ability to accurately simulate longer-term features
of climate change. Proxy data sets from sedimentary records
(in particular pollen, charcoal, and tephra from lake sediments and peat bogs) have been particularly underutilized in
this regard.
Increasingly studies have demonstrated the integration of
multiple proxies (Li et al., 2010) in climate reconstructions,
with a special focus on the last 2 millennia. This period could
be considered a baseline to current conditions, as climate has
been very similar to the present. This integration is still in
its infancy in South America (SA), especially in the tropics.
Since 2009, regional climate reconstructions from SA have
gained momentum from compilations of multiple data sets
and from ﬁne-tuning of model reconstruction methods (Villalba et al., 2009). However, an improved understanding of
the spatial distribution of proxy data sets has been identiﬁed
as necessary to make further progress (Villalba et al., 2009;
Flantua et al., 2015). Tree ring studies constitute a widely distributed and frequently used high-resolution climate archive
that has fortunately recently expanded its spatial coverage
(Boninsegna et al., 2009; Villalba et al., 2009). However, the
tree ring records are limited compared to the spatial and temporal coverage provided by records obtained from sedimentary archives (e.g. pollen records). The newly updated inventory of palynological research in SA documents the extensive
spatial and temporal coverage of pollen-based research available throughout the continent (Flantua et al., 2015). However, to integrate records from different sedimentary archives
across SA, a standard chronological framework is required.
To this end an alternative recalibrated age model and evaluation of chronologies have been undertaken to facilitate

the integration of multi-proxy records in SA (Flantua et al.,
2016). However, multi-proxy climate reconstructions from
the last 2 kyr have hitherto been focused mainly on southern
SA (PAGES-2k Consortium, 2013), omitting input from the
northern two thirds of the continent. Furthermore, palynological research has been underrepresented in most reconstructions of climate variability (Villalba et al., 2009; Neukom et
al., 2010; Neukom and Gergis, 2012). The lack of an adequate overview of available pollen records from the continent has been an impediment to the advancement of its use
and inclusion in climate studies.
As a result, we identiﬁed the need to review and discuss
pollen records in SA that can fulﬁl requirements for inclusion
in 2 ka palaeoclimate reconstructions, within the framework
of LOng-Term multi-proxy climate REconstructions and Dynamics in South America (LOTRED-SA, this Special Issue)
and the PAGES-2k Network (http://www.pages-igbp.org/ini/
wg/2k-network/intro). This paper is structured following an
assessment for individual regions in SA within the context
of current climate modes. These modes are characterized
by their precipitation and temperature ﬁngerprint over SA
and used as a baseline framework to identify past climatic
changes from pollen records. Certain zones are more prone
to particular climate signals; therefore, comparison between
the spatial expression of climate modes and highly correlated
records from different regions strengthens the interpretation
of palaeoecological ﬁndings. To use pollen as a palaeoclimate proxy, the degree of human impact on the vegetation
needs to be considered as being minimal or absent over the
last 2 kyr. Therefore, drivers of vegetation change, both natural and anthropogenic, are discussed within the different regions to describe the general settings required for palaeoecological research in the last millennia. Records that identify
signiﬁcant human impact are identiﬁed and excluded from
the proposed data set for PAGES-2k when the climate signal is lost but are considered useful within the regional purposes of LOTRED-SA (this Special Issue). We provide a
qualitative translation from pollen metrics to climate variables based on expert knowledge. We ﬁnish by discussing the
potential of including pollen-inferred climate information in
2 ka climate model validation and emphasize the importance
of multi-proxy working groups such as LOTRED-SA.
2 Climate settings
2.1 Continental overview climate zones and modes

We begin with an overview of the main climate “zones” of
SA to provide the climatological context for a discussion of
pollen records covering the past 2000 calibrated years before
present (cal yr BP). Climate zones are regions of coherent
seasonality and mean climate (intra-annual climate regime),
while climate “modes” are based on ocean–atmosphere interactions, with often oscillatory behaviour affecting the interannual to multidecadal climate variability in a region. The
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spatial inﬂuence of climate modes is assessed by documenting their role in driving interannual precipitation and temperature variability.
Continental SA extends from the tropics (12◦ N) to midlatitudes (55◦ S). Three major noticeable climate zones can be
distinguished: tropical, subtropical, and extratropical SA. Atmospheric circulation and climate in all three zones is highly
modulated and constrained by the orography of the Andes,
the shape of the continent, and interactions with the underlying land surface, vegetation, and soil moisture; furthermore,
ocean currents, such as the cold Humboldt Current affecting
coastal climate along the South American west coast, also
affect climate (Wang and Fu, 2002; Li and Fu, 2006).
The climate of tropical SA is dominated by the seasonal
migration of the Intertropical Convergence Zone (ITCZ) over
the Atlantic and Paciﬁc, and the seasonal development of
convective activity associated with the South American summer monsoon (SASM) over the interior of the continent
(Fig. 1). The seasonal migration of the ITCZ primarily affects coastal areas and northernmost SA as it is characterized by a fairly well-constrained narrow band of low-level
wind convergence over the equatorial oceans. The SASM
is a seasonal phenomenon that develops between September
and April and primarily affects the SA tropics and subtropics
south of the Equator (Garreaud et al., 2009). During the austral spring (September to November, SON) moisture inﬂux
from the ITCZ contributes to the development of this monsoon system (Zhou and Lau, 2001; Vuille et al., 2012). This
monsoonal system reaches its mature phase (maximum development) during December to February (DJF) and is characterized by heavy rainfall advancing southward from tropical to subtropical latitudes. To the east of the tropical Andes
a strong low-level wind, the Andean low-level jet (ALLJ),
transports moisture in a southeasterly direction from the tropics to the subtropical plains (Cheng et al., 2013), feeding the
South Atlantic convergence zone (SACZ), extending from
the southeastern (SE) Amazon basin toward the southeast out
over the South (S) Atlantic. The extratropical region is characterized by a quasi-permanent westerly circulation embedded in between the subtropical anticyclones located over the
subtropical Paciﬁc and Atlantic to the north and the circumpolar trough of low pressure to the south. Frequent northward propagation of extratropical cold air incursions east of
the Andes provide for continued atmospheric interaction and
heat exchange between mid- and low latitudes over the subtropical continent. The latitudinal extension of the westerlies
over land displays limited variations across the year and covers southern and central (C) Argentina and Chile. Additional
information is presented in the Supplement.
Both precipitation and temperature exhibit signiﬁcant variability on interannual to interdecadal timescales in all three
climate zones of SA (e.g. Garreaud et al., 2009). This variability is mainly caused by ocean–atmosphere interactions
(Vuille and Garreaud, 2012) that lead to a reorganization
of the large-scale circulation over SA and the neighbouring

Figure 1. Map showing the relative precipitation amount over

South America during the key seasons DJF (austral summer and
mature monsoon phase) and JJA (dry season over much of tropical
South America), highlighting the Intertropical Convergence Zone
(ITCZ), South American summer monsoon, South Atlantic convergence zone (SACZ), and extratropical westerlies. Figure based on
CPC Merged Analysis Precipitation (CMAP) data. Adapted from
Vuille et al. (2012).

oceans. To quantify the inﬂuence and relative importance of
these ocean–atmosphere coupled modes on the interannual
precipitation and temperature variability over SA, spatial correlation and regression coefﬁcients are calculated.
Gridded precipitation and temperature data were derived
from the UDelaware data set V2.01 (Legates and Willmott,
1990) at 0.5◦ resolution. We limit our assessment to the
six most relevant climate modes (Table 1). Other modes
analysed were either largely redundant or showed a much
weaker inﬂuence over the SA continent. The resulting correlation maps indicate the correlation coefﬁcient on interannual
timescales between the mode in question and the local temperature and precipitation at each grid cell. Conversely, the
regression maps indicate the local anomaly (in physical units
of millimetres or degrees Celsius) at each location that corresponds to a unit (1 standard deviation) anomaly in the climate mode. The Southern Annular Mode (SAM) and all three
Atlantic modes (Atlantic Multidecadal Oscillation – AMO;
tropical North and South Atlantic sea surface temperature –
TSA and TNA; Table 1) were detrended prior to analysis to
ensure that correlation and regression coefﬁcients account for
co-variability on interannual timescales only and do not result from spurious common trends. More information on the
methodology can be found in the Supplement.
In all correlation maps (Figs. 2 and 4) we show correlations in excess of ±0.2 only, which approximately corresponds to the 95% signiﬁcance level. For the regression
maps (Figs. 3 and 5), we used thresholds of ±0.12 ◦ C and
±50 mm, respectively. The correlation maps can help inform
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Table 1. Climate modes used relevant for South America. SST: sea surface temperature; HadISST: Hadley Centre Global Sea Ice and
Sea Surface Temperature; EOF: empirical orthogonal function; NOAA OI: National Oceanic and Atmospheric Administration Optimum
Interpolation.

Abbreviation

Mode

Methods

Description

Reference

Niño 3.4

Niño3.4 index

SST averaged over 5◦ N–5◦ S, 170–
120◦ W calculated from HadISST data

Describes interannual (2–7 yr)
variability of tropical
Paciﬁc SST

Rayner et al. (2003)

AMO

Atlantic
Multidecadal
Oscillation

Deﬁned as the area-averaged SST in the
Atlantic north of the Equator, calculated
from Kaplan SST V2

Describes coherent variations
in North Atlantic SST on multidecadal (50–70 yr) timescales

Enﬁeld et al. (2001)

IPO

Interdecadal
Paciﬁc
Oscillation

Multidecadal Paciﬁc-wide mode of
SST variability, calculated as the second EOF of low-frequency ﬁltered
HadISST data

Describes joint variations in
Paciﬁc SST in both
hemispheres on multidecadal
(20–30 yr) timescales

Folland et al. (2002)

SAM

Southern
Annular Mode
or Antarctic
Oscillation

Calculated as leading principal
component (PC) of 850 hPa geopotential height anomalies south of 20◦ S

Determines strength and location of circumpolar vortex
(location of the extratropical
westerly storm tracks)

Thompson and
Wallace (2000)

TNA

Tropical North
Atlantic SST

Deﬁned as SST averaged over 5.5–
23.5◦ N, 15–57.5◦ W and calculated
from HadISST and NOAA OI 1 × 1
data sets

Describes interannual variability of SST variations in the
tropical North Atlantic

Enﬁeld et al. (1999)

TSA

Tropical South
Atlantic SST

Deﬁned as SST averaged over 0–20◦ S,
10◦ E–30◦ W (TSA), calculated from
HadISST and NOAA OI 1 × 1 data sets

Describes interannual variability of SST variations in the
tropical South Atlantic

Enﬁeld et al. (1999)

us whether a certain temperature or precipitation anomaly in
the regression map is statistically signiﬁcant. In our discussion we focus primarily on the impact of the positive phase
from each of these modes, as these are the ﬁngerprints presented in Figs. 2–5. Since this is a linear analysis, the negative phase of these modes would lead to the same changes in
temperature and precipitation but with the sign reversed. In
general these outcomes are consistent with earlier analyses
reported by Garreaud et al. (2009). However, some differences are apparent and most likely related to different time
periods analysed, our choice of using the hydrologic year as
opposed to the calendar year, and different deﬁnitions of the
indices used (see the Supplement for more details). For example, Garreaud et al. (2009) used the Multivariate El Niño–
Southern Oscillation (ENSO) index, while here we focus on
the Niño3.4 index to describe ENSO variability. Similarly,
Garreaud et al. (2009) used the Paciﬁc Decadal Oscillation
index to describe Paciﬁc interdecadal variability, while here
we use the Interdecadal Paciﬁc Oscillation (IPO).
2.2

Temperature

The largest and most signiﬁcant inﬂuence on interannual
temperature variability in SA is exerted by ENSO, with
above average temperatures during El Niño and reduced temperature during La Niña (Figs. 2 and 3). A 1 standard de-

viation departure in the Niño3.4 index is associated with
a change in temperature of up to 0.8◦ C along the Paciﬁc
coast of SA. In the Andes of Colombia, the correlation between temperature and the Niño3.4 index is > 0.8, indicating
that more than two thirds of the temperature variability on
interannual scales can be explained by ENSO. The largest
increase in temperature is observed during austral summer
(DJF, not shown), linked to the peak phase of ENSO, which
tends to occur at the end of the calendar year.
Compared to ENSO, the IPO has a similar, albeit slightly
weaker, ﬁngerprint over SA, which is not surprising given
that the Paciﬁc decadal and multidecadal variability is often
described as “ENSO-like” (e.g. Garreaud and Battisti, 1999).
The IPO impact extends further south along the west coast of
SA than ENSO, however, with a somewhat stronger inﬂuence on temperature in northern (N) to C Chile. It is noteworthy that the IPO impact over SA is almost identical to the
inﬂuence of the Paciﬁc Decadal Oscillation as described in
Garreaud et al. (2009).
The N Atlantic modes, AMO and TNA are also quite similar, both featuring warming over tropical SA during periods when sea surface temperature (SST) in the N Atlantic
domain is above average, most notably so over the southern C Amazon basin (Figs. 2 and 3). In fact the warming
associated with a unit variation in the AMO or TNA index
is larger over most of the Amazon basin than the warming
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Figure 2. Correlation of annual mean temperature over South
America with climate modes Niño3.4, IPO (Interdecadal Paciﬁc Oscillation), SAM (Southern Annular Mode), AMO (Atlantic Multidecadal Oscillation), TNA (tropical North Atlantic SST), and TSA
(tropical South Atlantic SST). High positive values of the correlation coefﬁcient indicate both increasing and decreasing values of
the mode in question and the local temperature at each grid cell.
High negative values indicate that the increasing (decreasing) mode
in question causes a signiﬁcant decrease (increase) in temperature
at the grid cell. Gridded temperature ﬁelds are from the University
of Delaware (1958–2008). Only correlations in excess of ±0.2 are
shown (roughly the threshold of the 95 % signiﬁcance level).

associated with ENSO. The region of largest warming is colocated with an area of strong precipitation reduction during
the warm phase of the TNA and the AMO (Figs. 4 and 5).
This suggests that much of the warming is caused by cloud
cover and soil moisture feedbacks associated with reductions
in precipitation (reduced cloud cover leading to enhanced solar radiation and reduced soil moisture limiting evaporative
cooling).
The S Atlantic counterpart, the TSA, is associated with
a temperature dipole over subtropical SA, characterized by
warming along a zonal band extending from the S–C Brazilian coast westward to Bolivia, while C Argentina contemporaneously experiences cooling (Figs. 2 and 3). The warming
in the subtropical region coincides with a region of reduced
precipitation during the TSA positive phase (Fig. 4), suggesting that the warming is at least in part caused by changes
in the hydrological cycle (cloud cover and/or soil moisture
feedbacks).
The SAM is positively correlated with temperature over
Patagonia (Fig. 2) and also shows a weak negative temperature departure over western tropical SA during its positive
phase (Fig. 3). The warming over Patagonia is strongest during austral summer (Garreaud et al., 2009; not shown) and

Figure 3. Annual mean temperature regressed upon Niño3.4, IPO
(Interdecadal Paciﬁc Oscillation), SAM (Southern Annular Mode),
AMO (Atlantic Multidecadal Oscillation), TNA (tropical North Atlantic SST), and TSA (tropical South Atlantic SST). High positive
values of the regression coefﬁcient indicate that positive (negative)
temperature anomalies occur during the positive (negative) phase
of the mode in question. High negative values indicate that the positive (negative) phase of a mode leads to a decrease (increase) in
temperature at the grid cell. Gridded temperature ﬁelds are from the
University of Delaware (1958–2008).

results from enhanced heat advection, combined with higher
solar radiation receipts due to cloud-free conditions (Gupta
and England, 2006).
2.3 Precipitation

Given that ENSO is the source of the strongest interannual
variability on Earth, it is not surprising that it also leads to the
strongest modern precipitation anomalies over SA (Fig. 5).
In general in the tropics, El Niño events lead to signiﬁcant
precipitation reductions over much of tropical SA, with the
strongest signal seen in N Brazil along the Atlantic coast
and in the Andes of Colombia. Over northeast (NE) Brazil
the precipitation reduction is the result of El Niño events inducing a delayed anomalous warming of the tropical N Atlantic in boreal spring (March–May) (e.g. Curtis and Hastenrath, 1995; Giannini et al., 2001). Hence, the ENSO inﬂuence in this region strongly projects onto the TNA pattern
(Fig. 4). Over the N Amazon basin the precipitation reduction is the result of a shifted Walker circulation, enhanced
subsidence, and reduced convective activity (e.g. Liebmann
and Marengo, 2001; Ronchail et al., 2002). In the subtropics,
on the other hand, precipitation is enhanced during El Niño
events, in particular over southeastern SA (see also Grimm
et al., 2000). The only tropical location that sees an increase
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Figure 4. Precipitation correlation with modes Niño3.4, IPO (Interdecadal Paciﬁc Oscillation), SAM (Southern Annular Mode), AMO
(Atlantic Multidecadal Oscillation), TNA (tropical North Atlantic
SST), and TSA (tropical South Atlantic SST). High positive values
of the correlation coefﬁcient indicate both increasing and decreasing values of the mode in question and the local precipitation at
each grid cell. High negative values indicate that the increasing (decreasing) mode in question causes a signiﬁcant decrease (increase)
in precipitation at the grid cell.

Figure 5. Precipitation regression with modes Niño3.4, IPO (Interdecadal Paciﬁc Oscillation), SAM (Southern Annular Mode), AMO
(Atlantic Multidecadal Oscillation), TNA (tropical North Atlantic
SST), and TSA (tropical South Atlantic SST). High positive values
of the regression coefﬁcient indicate that positive (negative) precipitation anomalies occur during the positive (negative) phase of the
mode in question. High negative values indicate that the positive
(negative) phase of a mode leads to a decrease (increase) in precipitation at the grid cell.

in precipitation during El Niño is along the Paciﬁc coast of
Ecuador and northern Peru, where ﬂooding is a common occurrence during these events (e.g. Takahashi, 2004). During
La Niña events these precipitation anomalies are essentially
reversed. The correlations are weaker in our annual analysis
over some regions where the ENSO inﬂuence is highly seasonal, such as the precipitation reduction over the C Andean
“Altiplano” (high plain) region in DJF (Vuille et al., 2000) or
the enhanced precipitation during El Niño in C Chile in June
to August (JJA; Montecinos and Aceituno, 2003).
The largest change in the IPO in the period analysed is
related to the Paciﬁc climate shift of 1976–1977, when the
tropical Paciﬁc switched from its cold to its warm phase.
Since El Niño events also became more frequent and stronger
over this period (including the two extreme events of 1982–
1983 and 1997–1998), it is no surprise that the observed
changes in precipitation associated with the IPO are similar to the ENSO footprint, albeit somewhat weaker. Indeed
the low-frequency modulation by the IPO may strengthen El
Niño events during its positive phase and weaken La Niña
events, while the opposite is the case during the IPO negative phase, a phenomenon known as “constructive interference” (e.g. Andreoli and Kayano, 2005). Espinoza Villar et al. (2009) documented the inﬂuence of Paciﬁc interdecadal variability on precipitation over the Amazon basin

and showed that its positive phase is related to a decrease in
precipitation over the basin since 1975, consistent with our
results.
Precipitation is reduced in the southernmost part of SA
during the positive phase of the SAM (Fig. 4). This reduction extends north into the subtropics along both the Atlantic and Paciﬁc coast to approximately 30◦ S (Silvestri and
Vera, 2003; Gillett et al., 2006). Most of this precipitation
reduction is associated with reduced westerly moisture ﬂux
and moisture convergence from the Paciﬁc (Garreaud et al.,
2013). The correlation (Fig. 4) and regression (Fig. 5) maps
also suggest a signiﬁcant inﬂuence of the SAM on precipitation in parts of the tropics. This signal, however, is not well
documented and its physical mechanism is unclear. It may
to some extent be related to teleconnections and an anticorrelation between ENSO and the SAM (e.g. Carvalho et al.,
2005), which is supported by the fact that the Niño3.4 index
and the SAM correlation maps are almost mirror images of
one another (Fig. 4).
The AMO and the TNA have a similar ﬁngerprint on the
hydrologic cycle of SA (Fig. 5). Both modes are characterized by a signiﬁcant reduction in precipitation over much
of the Amazon basin during their positive phase, with the
amplitude of the changes associated with TNA forcing being slightly larger. This negative precipitation anomaly is as-
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Table 2. Comparison of PAGES-2k criteria with criteria implemented in this study.

Criteria

PAGES-2k

This paper

A

Described in peer-reviewed
publication

Described in peer-reviewed
publication

B

Resolution ≤ 50 yr

Resolution ≤ 300 yr

1

Criteria abbreviations for Table 3

(not speciﬁed)

Minimum duration of
record ≥ 500 yr

Minimum duration of
record ≥ 500 yr

DUR500

More than two chronological tie
points within the last 2 kyr

CONTROL2

3

Tie points near the end part
(most recent) of the records and
one near the oldest part

Tie points near the end part
(most recent) of the records and
one near the oldest part

TOP_END

4

Records longer than 1 kyr must
include a minimum of one additional age midway between the
other two.

Records longer than 1 kyr must
include minimum of one additional age midway between the
other two.

1000_MID3

2

Not speciﬁed

sociated with the northward displacement of convective activity in the ITCZ region due to warmer SST in the tropical North Atlantic and Caribbean during the positive phase
of the TNA (and to a lesser extent also the AMO). This
directly affects precipitation amounts over NE Brazil (e.g.
Hastenrath and Greischar, 1993; Nobre and Shukla, 1996),
while the northward shift in the core region of convection
also leads to anomalous subsidence, located over the Amazon basin. In fact the recent droughts in 2005 and 2010 in the
Amazon basin were both associated with such anomalously
warm SST in the tropical N Atlantic (Marengo et al., 2008;
Lewis et al., 2011). The only region where precipitation is
enhanced is in the northwestern part of the Amazon, belonging to Venezuela, Colombia, and Peru (Fig. 4).
An anomalously warm tropical S Atlantic (positive phase
of the TSA) leads to the exact opposite conditions, with the
ITCZ displaced anomalously far south, causing copious rainfall over NE Brazil, with weaker positive anomalies extending inland as far as the Peruvian border (Fig. 5). Another
region of enhanced precipitation is located in S Brazil, associated with a southerly movement of the SACZ (Fig. 1; e.g.
Doyle and Barros, 2002).
3 Selection of pollen records for 2 ka

Within the working groups of PAGES, the “2k Network” was
initially established in 2008 to improve current understanding of temperature variability across the Earth during the last
2 kyr. To collate records across the Earth for this time period
systematically a set of criteria that deﬁned the suitability of
individual records was required. The principle of the criteria was to ensure, as far as possible, consistency (and therefore comparability) in the chronological control and sam-

pling resolution of fossil pollen records (Table 2). Of the
six PAGES-2k criteria within this paper, we regarded criterion A (peer-reviewed publication) as the base line criterion
(all sites considered are from peer-reviewed studies). However, implementation of criterion B (resolution ≤ 50 years)
was not possible for SA because such a criterion would leave
only a handful of pollen records to discuss. The sparsity of
samples that meet the stringent PAGES-2k resolution criterion occurs because sedimentary archives with long time
spans (> 10 000 yr) are typically sampled at coarser temporal
resolution. Furthermore, many lowland sites have slow sedimentation rates, which preclude high-resolution sampling.
Therefore, we propose a more ﬂexible temporal resolution,
depending on the identiﬁed relevance of the case study.
From the newly updated Latin American Pollen Database
(LAPD; Flantua et al., 2015), we initially selected all records
that cover the last 2 kyr (Fig. 6). Good chronological control
is required for PAGES-2k, but the youngest ages in pollen
records are typically constrained by geochronological data.
An assessment of the pollen records by the authors with expertise in each SA subregion has revealed 585 records with
pollen samples within the last 2 kyr (Fig. 6), of which 337 and
182 records, respectively, contain one or more geochronological dates within that time period. In total, 182 studies
were checked to conﬁrm their suitability for palaeoclimate
reconstruction as outlined by the PAGES-2k criteria. Records
with a resolution of 200 to 300 yr are included in our discussion, while records along coastlines inﬂuenced by sea level
changes were not included. Within the regional assessments,
only records that fulﬁl more than three criteria are discussed,
unless the records are considered particularly valuable for regional climate assessments.
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Figure 6. Map showing the location of LAPD pollen records that

cover the last 2 kyr (after Flantua et al., 2015). General regional
delimitations as discussed in this paper are shown; A: Venezuelan
Guayana highlands and uplands; B: Northern Andes; C: Central Andes; D: lowland Amazon basin; E: southern and southeastern Brazil;
F: pampean plain; G: Southern Andes and Patagonia.

4
4.1

Results
Regional assessments

Pollen records are discussed according to their regional and
geographical settings (Fig. 6): A – Venezuelan Guayana
highlands and uplands (for the purposes of this study,
we have deﬁned this region as “Guayana” (different from
“Guiana”) following Huber’s criteria (1995a,b) in the reference botanical guide to the “Flora of the Venezuelan
Guayana”); B – Northern Andes; C – Central Andes; D
– lowland Amazon basin; E – southern and southeastern
Brazil; F – pampean plain; G – Southern Andes and Patagonia. The references to all records discussed are presented in
Table 3.
4.2

Climate–vegetation interaction in the Venezuelan
Guayana highlands and uplands

The study area, also known as the Gran Sabana (GS), is
located in SE Venezuela between the Orinoco and Amazon basins (Fig. 6 Box A; Huber and Febres, 2000). Huber (1995a) recognized three main elevational levels on
the Venezuelan Guayana: lowlands (0–500 m above sea

level, m a.s.l.), uplands (500–1500 m a.s.l.), and highlands
(1500–3000 m a.s.l.). Lowlands are absent in the GS, which
is mainly characterized by a continuous upland peneplain
spiked with isolated highlands (table mountains, “tepuis”).
The GS highlands are part of the so-called Pantepui phytogeographical province, which is characterized by unique
biodiversity and endemism patterns, encompassing all the
tepui summits above 1500 m a.s.l. (Huber, 1994; Berry et al.,
1995). The tepuian vegetation is characterized by a mosaic
of bare rock, pioneer vegetation, tepuian forests, herbaceous
formations, and shrublands (Huber, 1995b). Additional background information is provided in the Supplement.
In the GS, 22 pollen records cover the last 2 kyr. There are
four records with a chronology based on one control point
and an additional 10 records for which most, or all, control
points are older than 2 ka. Three potentially suitable records
originate from the highlands – Eruoda PATAM6-A07, Churí
Chim-2 and Apakará PATAM9-A07 – and only one is found
in the uplands: Laguna Encantada PATAM4-D07 peatland
(Fig. 7a; Table 3). Of the three records of the highlands, just
Eruoda provides sufﬁciently high resolution to explore the
objectives proposed here. However, only Churí Chim-2 and
Apakará contain several age control points within the last
2 kyr, and Laguna Encantada presents a relatively low sampling resolution of 200 to 300 yr.
The criteria for chronological control excluded some of
the most relevant work for the research questions posed by
this paper. For example, the vegetation at the Eruoda summit has persisted unchanged during the last ∼ 2.5 kyr. This
constancy can be extended to all the tepuian summits studied so far for the last 6 kyr (except Churí). Equally of high
importance is the Urué record in the uplands, which does not
meet the dating control constraints, but the sampling resolution is high enough to provide important insights into the
vegetation–climate dynamics during the last 2 kyr, and will
be therefore be presented here.
The Eruoda summit represents an important reference to
which almost all the tepuian summit vegetation dynamics
can be compared (Fig. 7b). Based on the absence of human activities in these summits, it can be assumed that the
vegetation dynamics observed in the fossil records are fully
climate driven and therefore valuable for LOTRED-SA. In
general, these summits are insensitive to temperature change
(for 2 ka), whereas moisture variations potentially may cause
small internal reorganizations of plant associations although
these shifts are considered to be of minor ecological signiﬁcance. Shifting river courses are considered to inﬂuence local
vegetation patterns through the lateral movement of gallery
forests in landscapes (Rull, 2005a, b).
The Urué sequence spans the last 1.6 kyr and records
the vegetation dynamics after an important ﬁre event dated
∼ 1.6–1.8 ka. Three main vegetation stages were reported
coeval with high charcoal abundances at the bottom of
the sequence, corresponding to plant communities’ transitions from open secondary forest to fern-dominated associa-
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Table 3. List of pollen records used and metadata.
Fig. 6

Region

LAPD ID

Site name

Potentially
suitable for
2 ka climate
modelling

A
A
A
A
A
A
A
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
C
C
C
C
C
C
C
D
D
D
D
D
D
D
D

Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
C Andes
C Andes
C Andes
C Andes
C Andes
C Andes
C Andes
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon

1638
1247
1606
1582
1684
1646
1611
1648
1665
892
899
851
938
941
907
877
901
935
910
1867
1176
1751
1158
2143
1181
1160
1749
1144
2518
1520
1496
1516
1514
1555
1546
1211
1558
2991
460
3004
1498
1549
518

Laguna Encantada PATAM4-D 7
Eruoda PATAM6-A 7
Churí Chim-2
Apakará PATAM9-A 7
Urué
Lake Chonita PARAM1-B 7
El Paují PATAM5-A 7
Lake Valencia 76V 1-5
Piedras Blancas
Fúquene-2
Pantano de Genagra
Carimagua Bosque
Las Margaritas
Loma Linda
Jotaordó
El Caimito
Guandal
Piusbi
La Cocha-1
Reserve Guandera-G15
Reserve Guandera-G8
Laguna Daniel Álvarez
Laguna Pallcacocha 1
Papallacta PA 1- 8
Tres Lagunas
Laguna Zurita
ECSF Refugio
El Junco EJ1
Cerro Llamoca
Marcacocha
Chicha-Soras
Pacucha
Consuelo
Urpi Kocha Lagoon Core 2
Nevado Coropuna
Quistococha
Werth
Laguna Granja
Fazenda Cigana
French Guiana K-VIII
Gentry
Parker
Lake Geral core C

Yes
Yes
Yes
Yes
Yes

Potentially
suitable for
human studies

Yes
Yes
Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes

tions transitional to savanna. Savannas were fully established
around 0.9 ka, coinciding with the beginning of a phase of
lower charcoal values, and continued as the dominant plant
association until the present day. Savannas were accompanied by Mauritia ﬂexuosa palm swamps (“morichales”),
which established a phase that was likely more humid. These
palm swamps varied greatly in extent through time, showing
a parallel between the lowest palm abundance and the occurrence of two drought intervals. These two drought intervals
were centred on 0.65–0.55 and 0.15–0.05 ka, coeval with the
Little Ice Age (LIA) signal observed in the Venezuelan Andes (Rull et al., 1987; Rull and Schubert, 1989; Polissar et al.,
2006). Generally, the vegetation dynamics recorded so far in
the Venezuelan Guayana uplands have shown a higher sensitivity to changes in the available moisture than to potential
shifts in the average temperatures. The last 2 kyr have been
mainly characterized by vegetation change on a local scale.

LOTRED-2 k

DUR 500

CONTROL2

TOP_END

1000_MID3

4
1
2
3
1
1
1
4
2
1
1
4
3
3
4
4
3
4
4
2
4
3
4
4
4
3
3
3
4
4
4
4
2
4
2
4
4
4
4
4
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1

1

1

1
1

1

1
1

1

1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1

1

1
1
1
1
1
1
1
1
1
1
1
1

1

1

1

1
1
1
1
1

1
1
1
1
1

1
1
1
1

1
1
1

1
1
1
1

4.3 Climate–vegetation interaction in the Northern
Andes

The region of the N Andes consists in political terms of
Colombia, Ecuador, and Venezuela and includes a wide
range of different ecoregions (Fig. 6 Box B). Sharing both the
Caribbean and the Paciﬁc coastline and various climate inﬂuences, Colombia has a unique pattern of different ecosystems
shared with neighbouring countries. Pollen records are found
throughout a wide range of biomes and elevations (Flantua et
al., 2015), from the tropical rainforest and mangroves along
the coast to the high Andean “páramos”. The complex formation of the Andes with the three mountain ridges characterizes this region with numerous valleys and watersheds.
A total of 64 records are available that present pollen data
within the last 2 kyr. Unfortunately, 14 were presented in
publications without a peer-review procedure or presented
only as a summary diagram (7 records with 4 positive cri-
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Table 3. Continued.
Fig. 6

Region

LAPD ID

Site name

Human indicators

First human
indicator
(cal yr BP)

Precip.
sensitive

A
A
A
A
A
A
A
B
B
B
B

Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
N Andes
N Andes
N Andes
N Andes

1638
1247
1606
1582
1684
1646
1611
1648
1665
0892
0899

Laguna Encantada PATAM4-D07
Eruoda PATAM6-A07
Churí Chim-2
Apakará PATAM9-A07
Urué
Lake Chonita PARAM1-B07
El Paují PATAM5-A07
Lake Valencia 76V 1-5
Piedras Blancas
Fúquene-2
Pantano de Genagra

1200

Yes
Yes
Yes
Yes
Yes
Yes
Yes

B
B
B
B
B
B
B
B

N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes

0851
0938
0941
0907
0877
0901
935
0910

Carimagua Bosque
Las Margaritas
Loma Linda
Jotaordó
El Caimito
Guandal
Piusbi
La Cocha

B
B
B
B
B
B
B
B

N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes

1867
1176
1751
1158
2143
1181
1160
1749

Reserve Guandera-G15
Reserve Guandera-G8
Laguna Daniel Álvarez
Laguna Pallcacocha 1
Papallacta PA 1-08
Tres Lagunas
Laguna Zurita
ECSF Refugio

B
C
C
C
C
C
C
C
D
D
D
D
D
D
D
D

N Andes
C Andes
C Andes
C Andes
C Andes
C Andes
C Andes
C Andes
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon

1144
2518
1520
1496
1516
1514
1555
1546
1211
1558
2991
0460
3004
1498
1549
0518

El Junco EJ1
Cerro Llamoca
Marcacocha
Chicha-Soras
Pacucha
Consuelo
Urpi Kocha Lagoon Core 2
Nevado Coropuna
Quistococha
Werth
Laguna Granja
Fazenda Cigana
French Guiana K-VIII
Gentry
Parker
Lake Geral core C

Fire, Mauritia(?)
No
No
No
Possible ﬁre increase
Mauritia, ﬁre increase
Forest composition change, ﬁre increase
No
No
Increase Asteraceae, Poaceae
Deforestation, pollen of Z. mays, Spermacoce, Chen–Am; spores of Grammitistype and Anthoceros
Mauritiella, savanna, Cecropia increase
Savanna increase
Savanna increase
Zea mays and palm increase
Cecropia and palm trees (Arecaceae)
Cecropia, Vismia, other indicators of swamps intervening
Zea mays
Logging, preferentially Podocarpus, frequent ﬁres, forest disturbance and
changes in the diatom ﬂora.
Rumex
Dodonaea presence
Zea mays
No
No
Zea mays
Zea mays
Decrease in Isoetes and Cyperaceae (due to moisture increase or humans),
Z. mays (800 cal yr)
No
No
Zea mays
Chen–Am (expansion Quinoa crops?)
Zea mays
No
Zea mays
Zea mays, Ambrosia (terrace consolidator)
No
No
Z. mays, charcoal
Charcoal, forest decrease, savanna increase
Z. mays, Manihot esculenta, Crantz and Ipomoea batatas
Z. mays, Manihot esculenta, Cecropia
Cyperaceae, charcoal
Z. mays, Cecropia, Gramineae, charcoal (?)

teria). An additional ﬁve records, which fulﬁlled all criteria,
suggested human presence from before 2 ka and were therefore excluded for climate reconstructions. From the remaining records, only four lakes lack human interference during
the last 2 kyr. The others describe human indicators over limited periods of time and are considered valuable for PAGES2k purposes (Table 3).
Lake Valencia (Figs. 6 Box B and 8a) is represented by
three cores with varying quality in chronology and resolution. The last 2 kyr are characterized by a decline in forest cover, which attains the lowest values of the Holocene
and gives way to savannas. Aquatic proxies indicate declining lake levels and increasing nutrient input, a trend that
accelerated during the last 0.5 kyr, when human activities
were more intense around the lake. Considering the entire
Lateglacial–Holocene record, the Lake Valencia catchment
has been shown to be more sensitive to moisture variations
than to temperature, as known from tropical lowlands.

2000
2000
> 2000
3000
2300

Yes

1000
580
600
1800
1405–1100

Yes
Yes
Yes
Yes
Yes
Yes

300
900
1200

2700
1000
5500
> 2000
2200
2500
> 2000?
800–200
ca. 3500–500
ca. 2800
ca. 3350
(ca. 5500)

Yes

Yes

200

100
300
1400

Temp.
sensitive

Yes

Yes
Yes
Yes

Yes
Yes

Yes

Yes
Yes
Yes

Yes

Yes
Yes?
Yes
Yes
Yes
Yes

In the Andean region, changes in the altitudinal position
of the upper forest line (UFL) are instrumental in reconstructing temperature changes. This ecotone is deﬁned as the
highest elevation contour of continuous forest and marks the
boundary between the forest and the high Andean páramo
biome (Moscol-Olivera and Hooghiemstra, 2010; Groot et
al., 2013). The Andean sites in Venezuela and Colombia
show indications of colder climates by decreased arboreal
pollen at higher elevations. In the Venezuelan Andes, the
only available pollen record is Piedras Blancas. There is no
indication of human activity; hence, changes should be attributed mostly to climatic shifts, notably temperature and
moisture. The expansion of superpáramo vegetation suggests a response to the warm and moist Medieval Climate
Anomaly (MCA; ∼ 1.15–0.65 ka), while a period of scarce
vegetation might be related to the LIA (∼ 0.6–0.1 ka) (Ledru
et al., 2013a). The absence of tree pollen in several samples
indicates signiﬁcantly depressed UFL in comparison to today.
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Table 3. Continued.
Fig. 6

Region

LAPD ID

Site name

References

Latitude
(decimal
degrees)

Longitude
(decimal
degrees)

A
A
A
A
A
A
A
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
B
C
C
C
C
C
C
C
D
D
D
D
D
D
D
D

Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
Ven.Gui
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
N Andes
C Andes
C Andes
C Andes
C Andes
C Andes
C Andes
C Andes
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon

1638
1247
1606
1582
1684
1646
1611
1648
1665
0892
0899
0851
0938
0941
0907
0877
0901
935
0910
1867
1176
1751
1158
2143
1181
1160
1749
1144
2518
1520
1496
1516
1514
1555
1546
1211
1558
2991
0460
3004
1498
1549
0518

Laguna Encantada PATAM4-D07
Eruoda PATAM6-A07
Churí Chim-2
Apakará PATAM9-A07
Urué
Lake Chonita PARAM1-B07
El Paují PATAM5-A07
Lake Valencia 76V 1-5
Piedras Blancas
Fúquene-2
Pantano de Genagra
Carimagua Bosque
Las Margaritas
Loma Linda
Jotaordó
El Caimito
Guandal
Piusbi
La Cocha-1
Reserve Guandera-G15
Reserve Guandera-G8
Laguna Daniel Álvarez
Laguna Pallcacocha 1
Papallacta PA 1-08
Tres Lagunas
Laguna Zurita
ECSF Refugio
El Junco EJ1
Cerro Llamoca
Marcacocha
Chicha-Soras
Pacucha
Consuelo
Urpi Kocha Lagoon Core 2
Nevado Coropuna
Quistococha
Werth
Laguna Granja
Fazenda Cigana
French Guiana K-VIII
Gentry
Parker
Lake Geral core C

Montoya et al. (2009)
Nogue et al. (2009)
Rull (1991, 2004a, b)
Rull et al. (2011)
Rull (1991, 1999)
Montoya et al. (2011a)
Montoya et al. (2011b)
Leyden (1985)
Rull et al. (1987)
Van Geel and Van der Hammen (1973)
Behling et al. (2001)
Berrio et al. (2000)
Wille et al. (2003)
Behling and Hooghiemstra (2000)
Berrio et al. (2000), Urrego and Berrio (2011)
Velez et al. (2001)
Urrego and del Valle (2002)
Behling et al. (1998a)
Gonzalez-Carranza et al. (2012)
Bakker et al. (2008)
Moscol Olivera and Hooghiemstra (2010)
Niemann et al. (2013)
Rodbell et al. (1999)
Ledru et al. (2013)
Jantz and Behling (2012)
Niemann and Behling (2010)
Niemann and Behling (2010)
Colinvaux and Schoﬁeld (1976)
Schittek et al. (2015)
Chepstow-Lusty et al. (1998, 2003, 2009)
Branch et al. (2007)
Hillyer et al. (2009), Valencia et al. (2010)
Urrego et al. (2010)
Winsborough et al. (2012)
Kuentz et al. (2012)
Roucoux et al. (2013)
Bush et al. (2007a, b)
Carson et al. (2014)
Da Silva Menenses et al. (2013)
Iriarte et al. (2012)
Bush et al. (2007a, b)
Bush et al. (2007a, b)
Bush et al. (2000, 2007b)

4.60
5.37
5.32
5.32
5.03
4.65
4.28
10.18
9.17
5.45
2.47
4.07
3.38
3.30
5.80
2.53
2.22
1.90
1.06
0.60
0.60
−4.02
−4.77
−0.36
−3.03
−3.03
−3.99
−0.50
−14.17
−11.39
−14.18
−13.61
−13.95
−12.23
−15.50
−3.83
−12.18
−13.26
−3.45
5.20
−12.33
−12.18
−1.65

−61.11
−62.08
−62.17
−62.23
−61.17
−61.00
−61.35
−67.01
−70.83
−73.77
−76.62
−70.22
−73.43
−73.38
−76.70
−77.60
−78.35
−77.94
−77.15
−77.70
−77.70
−79.21
−79.23
−78.19
−79.23
−79.23
−79.07
−91.00
−74.73
−76.12
−73.53
−73.50
−69.00
−76.88
−72.67
−73.32
−69.10
−63.71
−61.30
−52.69
−68.87
−69.10
−53.60

Along the transitional zone between savanna and tropical
rainforest in the east (E) Colombian savannas, three pollen
records fulﬁl at least three criteria. Since 2 ka, a gradual increase in savanna vegetation is observed, suggesting a period
of progressively drier conditions, e.g. at Loma Linda and Las
Margaritas). However, the expanding Mauritia palm forest
observed in several records is considered to reﬂect increased
local water availability and precipitation (Fig. 8b), and/or human impact (Behling and Hooghiemstra, 1998, 1999; Rull
and Montoya, 2014).
Along the N Andean Paciﬁc slopes, Jotaordó, El Caimito,
Guandal, and Piusbi document vegetation changes related to
the precipitation regime in the C and S Chocó biogeographic
region. Settings differ, as the ﬁrst is located in a broad river

valley with a meandering drainage system, while El Caimito
and Guandal are located in the coastal plain receiving signals
from shifting mangrove forests. These shifts were considered
not to be climate related but explained by tectonic events in
the region and/or dynamic shifts of the river deposition patterns. Frequent erosion events, various seismic shifts and disturbance indicators of mixed origin during the last 2 kyr hinder consistent conclusions for the region. Changes in vegetation composition around 0.65 ka were assigned in El Caimito
to reduced ﬂooding and possible human intervention, while
similar changes at Jotaordó were ascribed to endogenous dynamics. Only the multi-proxy approach of El Caimito suggests a possible relationship between periods of higher riverine dynamics and the frequency of long-term ENSO variabil-
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Table 3. Continued.
Fig. 6

Region

LAPD ID

Site name

Potentially
suitable for
2 kyr climate
modelling

Potentially
suitable for
human studies

LOTRED-2 k

DUR 500

CONTROL2

TOP_END

D
D
D
D
D
D
D
D
D
D
E
E
E
E
E
E
E
E
E
F
F
F
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
Pampas
Pampas
Pampas
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia

599
1557
2993
2994
2995
339
566
521
483
1166
582
3005
1998
437
591
479
1962
487
579
2998
2423
216
745
50
242
1990
2996
83
792
102
734
50
25
3000
2484
657
1964
1965
99
2501
2321
2320
661
749
2996

Terra Indigena Aningal
Vargas
Laguna El Cerrito
Laguna Frontera
Laguna San José
Laguna Chaplin
Rio Curua
Lake Tapera
Lago Crispim
Maxus-1
São José dos Ausentes
Morro Santana
Rincão das Cabritas
Cambará do Sul
Serra dos Órgãos
Lagoa Nova
Ciama 2
Lago do Pires
Saõ Francisco de Assis
Hinojales-San Leoncio
Lake Lonkoy
Laguna Sauce Grance
Onamonte
Puerto Harberton
Valle de Andorra
Cabo Vírgenes
Cabo Vírgenes CV22
Laguna Azul
Río Rubens
Laguna Potrok Aike
Lago Cipreses
Lago Guanaco
Cerro Frías
Peninsula Avellanedo Bajo
Parque Nacional Perito Moreno
Mallín Pollux
Mallín El Embudo
Lago Shaman
Lago Mosquito
Lago Lepué
Lago Pichilafquen
Lago San Pedro
Laguna de Aculeo
Palo Colorado
Abra del Inﬁernillo

Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

3
2
3
3
3
1
1
2
1
3
4
4
3
2
1
1
1
1
1
2
4
3
4
4
4
2
2
4
4
4
4
4
2
4
4
4
4
3
4
4
4
4
4
4
4

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1

1

Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

ity. Within this region, Cecropia is used as natural disturbance indicator due to ﬂuvial–marine dynamics, while in the
other Colombian regions this fast-growing species is considered characteristic of human interference; both settings have
disturbance as a common factor.
In the Colombian Andes there are no undisturbed pollen
records during the last 2 kyr suitable for climate reconstructions. Before the human disturbances, the La Cocha-1 record
in the far south of Colombia (Fig. 8b) indicated generally
wetter conditions similar to the N Ecuadorian pollen records
of Guandera-G15 and Guandera-G8. A different kind of index to highlight vegetation–climate interaction was used in
the E Ecuadorian Andes at Papallacta PA1-08. Established to
characterize the SASM and ENSO, the index interprets cloud
transported arboreal pollen grains and Poaceae as a proxy
for upslope cloud convection. Supported by a high resolution (∼ 15 yr), a high frequency of dry and humid episodes
is detected during the last 1.1 kyr. In this alternation of con-

1000_MID3

1
1
1

1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1

1
1
1

1
1
1
1
1

1

1
1
1
1
1

1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1

1
1
1

vective activity, the MCA, LIA, and current warm period are
considered detectable.
In S Ecuador four pollen records suitable for PAGES-2k
purposes are found within a relatively small subregion. Tres
Lagunas suggests a cold phase, possibly the LIA, as one
of several warm and cold phases detected during the last
2 kyr (Fig. 8b). At Laguna Zurita, the decrease in Isoetes
was considered an indication of increased precipitation after ∼ 1.2 ka, observed similarly in other fossil pollen records
in the C Peruvian Andes. On the other hand, chemical analyses from the same core suggested drier conditions during the
last millennium, conﬁrmed by a different set of palaeoclimatic records. Unknown human interference in the last millennium could be related to these divergent patterns, as the
nearby ECSF Refugio and Laguna Daniel Álvarez detected
Zea mays around 0.8 and 1.4 ka, respectively.
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Table 3. Continued.
Fig. 6

Region

LAPD ID

Site name

Human indicators

First human
indicator
(cal yr BP)

Precip.
sensitive

D
D
D
D
D
D
D
D
D
D
E
E
E
E
E
E

Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil

0599
1557
2993
2994
2995
0339
0566
0521
0483
1166
0582
3005
1998
0437
0591
0479

Terra Indigena Aningal
Vargas
Laguna El Cerrito
Laguna Frontera
Laguna San José
Laguna Chaplin
Rio Curua
Lake Tapera
Lago Crispim
Maxus-1
São José dos Ausentes
Morro Santana
Rincão das Cabritas
Cambará do Sul
Serra dos Órgãos
Lagoa Nova

Charcoal, forest decrease, savanna increase
Charcoal
Z. mays, charcoal
Z. mays, charcoal
Z. mays, charcoal
Z. mays (unpubl.)
Charcoal, forest decrease
Charcoal
Charcoal, mangrove decrease
No
Grasses, charcoal, Pinus
Charcoal, Z. mays, Pinus, Eucalyptus
Grasses, ﬁre increase (since early and mid-Holocene)
Charcoal, grasses
Charcoal (?)
Charcoal?

> 2000?
1000
2000
2000
ca. 1600
ca. 1300
ca. 2500
ca. 6900
> 2000

Yes
Yes

E
E
E
F
F
F
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

SE Brazil
SE Brazil
SE Brazil
Pampas
Pampas
Pampas
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia

1962
0487
0579
2998
2423
0216
0745
0050
0242
1990
2996
0083
0792
0102
0734
0050
0025
3000
2484
0657
1964
1965
0099
2501
2321
2320
0661
0749
2996

Ciama 2
Lago do Pires
Saõ Francisco de Assis
Hinojales-San Leoncio
Lake Lonkoy
Laguna Sauce Grance
Onamonte
Puerto Harberton
Valle de Andorra
Cabo Vírgenes
Cabo Vírgenes CV22
Laguna Azul
Río Rubens
Laguna Potrok Aike
Lago Cipreses
Lago Guanaco
Cerro Frías
Peninsula Avellanedo Bajo
Parque Nacional Perito Moreno
Mallín Pollux
Mallín El Embudo
Lago Shaman
Lago Mosquito
Lago Lepué
Lago Pichilafquen
Lago San Pedro
Laguna de Aculeo
Palo Colorado
Abra del Inﬁernillo

Grasses, Pinus
Deforestation, Z. mays, charcoal (since early and mid-Holocene)
Charcoal (begin Holocene), Z. mays (1.9 kyr)
Exotic tree species (Eucalyptus, Pinus)
Exotic tree species (Eucalyptus, Pinus)
No
No
No
No
Rumex presence
Rumex presence
Rumex presence
Rumex presence
Chenopodiaceae increase, Rumex presence
Rumex presence, increase in shrub and herbs taxa
Rumex, increase in Poaceae and Plantago
Nothofagus decrease, Rumex presence
Exotic species presence (Ast. Asteroideae, Rumex)
No
Increase in Poaceae, Pinus and Plantago
Increase in Poaceae
Asteraceae sub Asteroidea
Nothofagus decrease, Rumex and Pinus presence
No
Rumex, Pinus presence
Rumex, Pinus, Plantago presence, Poaceae increase
Micoralgae, Chenopodiaceae increase
Decrease in swamp forest taxa, increase in Maytenus and Asteraceae
No

4.4 Climate–vegetation interaction in the Central Andes

The C Andes includes the high-elevation plateau of the
Altiplano, above 3000 m a.s.l, in S Peru, Bolivia, and N
Chile (Fig. 6 Box C). The Altiplano is an area of internal
drainage within the Andes, which contains multiple peaks
over 5000 m a.s.l.. The vegetation of the Altiplano is characterized by different grassland types, collectively known as
“puna” (Kuentz et al., 2007). Within the grassland matrix
are patches of woodland dominated by trees of the genus
Polylepis (Fjeldså and Kessler, 1996). To the east and west
of the Altiplano are the steep ﬂanks of the Andes.
In total, 57 pollen records covering the last 2 kyr were
identiﬁed from the Altiplano in Peru and Bolivia. Only
four of the Altiplano records met all PAGES-2k criteria: (i)
Cerro Llamoca, (ii) Marcacocha, (iii) Chicha-Soras, and (iv)
Pacucha (Fig. 9a; Table 3). From the surrounding regions
two additional records are also considered here because of
their importance and ﬁt to the PAGES-2k criteria: (i) Consuelo on the E Andean ﬂank, at mid-elevation (1370 m a.s.l.),
and (ii) Urpi Kocha on the Paciﬁc coast at sea level (within
the archaeological site of Pachacmac). Of the seven sites

Yes
Yes
Yes

500
1230
30
170
Early and
Holocene?
160
140
10000
100
100

Temp.
sensitive

mid-

Yes
Yes
Yes
Yes

Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes
Yes
50
50
50
300
150
60
60
155
25

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

100
100
250
200

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

350
121
100
< 620

Yes

Yes
Yes

considered in this review only two records (Cerro Llamoca
and Consuelo) show no human interference, while the others indicate human impact during different periods of time
throughout the last 2 kyr.
Discerning a climate signal from the pollen records of the
last 2 kyr in the C Andes is a challenge due to the long legacy
of human occupation and landscape modiﬁcation (Bennett,
1946; Dillehay et al., 2005; Silverman, 2008). However,
some idea of vegetation–climate relationships can be gained
from modern pollen studies within the puna; for example,
Kuentz et al. (2007) use the ratio of Poaceae : Asteraceae
(Nevado Coropuna) and Schittek et al. (2015) focus on the
abundance of Poaceae (Cerro Llamoca) as an indicator of
moisture availability. In the other records, where there is
no direct relationship between vegetation and climate discernible, some authors look at the relationship between the
pollen records and other indicators, such as independent evidence of farming activity (e.g. oribatid mites) or an association with archaeological evidence of abandonment or occupation (Chepstow-Lusty, 2011), to disentangle climate- and
human-induced vegetation change.
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Fig. 6

Region

LAPD ID

Site name

References

Latitude
(decimal
degrees)

Longitude
(decimal
degrees)

D
D
D
D
D
D
D
D
D
D
E
E
E
E
E
E
E
E
E
F
F
F
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G
G

Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
Amazon
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
SE Brazil
Pampas
Pampas
Pampas
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia
S Andes and Patagonia

0599
1557
2993
2994
2995
0339
0566
0521
0483
1166
0582
3005
1998
0437
0591
0479
1962
0487
0579
2998
2423
0216
0745
0050
0242
1990
2996
0083
0792
0102
0734
0050
0025
3000
2484
0657
1964
1965
0099
2501
2321
2320
0661
0749
2996

Terra Indigena Aningal
Vargas
Laguna El Cerrito
Laguna Frontera
Laguna San José
Laguna Chaplin
Rio Curua
Lake Tapera
Lago Crispim
Maxus-1
São José dos Ausentes
Morro Santana
Rincão das Cabritas
Cambará do Sul
Serra dos Órgãos
Lagoa Nova
Ciama 2
Lago do Pires
Saõ Francisco de Assis
Hinojales-San Leoncio
Lake Lonkoy
Laguna Sauce Grance
Onamonte
Puerto Harberton
Valle de Andorra
Cabo Vírgenes
Cabo Vírgenes CV22
Laguna Azul
Río Rubens
Laguna Potrok Aike
Lago Cipreses
Lago Guanaco
Cerro Frías
Peninsula Avellanedo Bajo
Parque Nacional Perito Moreno
Mallín Pollux
Mallín El Embudo
Lago Shaman
Lago Mosquito
Lago Lepué
Lago Pichilafquen
Lago San Pedro
Laguna de Aculeo
Palo Colorado
Abra del Inﬁernillo

Da Silva Menenses et al. (2013)
Bush et al. (2007a, b)
Whitney et al. (2014)
Whitney et al. (2014)
Whitney et al. (2013)
Mayle et al. (2000), Burbridge et al. (2004)
Behling and Da Costa (2000)
Toledo and Bush (2007)
Behling and Da Costa (2001)
Weng et al. (2002)
Jeske-Pieruschka et al. (2010)
Behling et al. (2007)
Jeske-Pieruschka and Behling (2012)
Behling et al. (2004)
Behling and Safford (2010)
Behling (2003)
Jeske-Pieruschka et al. (2013)
Behling (1995)
Behling et al. (2005)
Stutz et al. (2015)
Stutz et al. (2012, 2015)
Fontana (2005)
Heusser (1993)
Markgraf and Huber (2007)
Mauquoy et al. (2004)
Mancini (2007)
Mancini and Graham (2014)
Mayr et al. (2005)
Huber and Markgraf (2003)
Wille et al. (2007), Schäbitz et al. (2013)
Moreno et al. (2014)
Moreno et al. (2009)
Tonello et al. (2009), Mancini (2009)
Echeverria et al. (2014)
Mancini et al. (2002)
Markgraf et al. (2007)
de Porras et al. (2014)
de Porras et al. (2012)
Whitlock et al. (2006)
Pesce and Moreno (2014)
Jara and Moreno (2012, 2014)
Fletcher and Moreno (2012)
Villa-Martínez et al. (2004)
Maldonado and Villagrán (2006)
Garralla (2003)

−3.45
−12.33
−13.25
−13.22
−14.95
−14.48
−1.74
0.13
−0.77
−0.45
−28.94
−30.08
−29.48
−29.05
−22.46
−17.97
−27.90
−17.95
−29.59
−37.57
−37.20
−38.95
−54.90
−54.88
−54.75
−52.33
−52.33
−52.08
−52.07
−51.97
−51.29
−51.05
−50.40
−50.27
−47.88
−45.69
−44.67
−44.45
−42.83
−42.80
−41.14
−38.53
−33.83
−32.08
−26.75

−61.3
−69.12
−65.39
−65.35
−64.50
−61.06
−51.46
−51.08
−47.85
−76.62
−50.04
−51.10
−50.57
−50.10
−43.03
−42.20
−48.87
−42.22
−55.22
−57.45
−57.42
−61.37
−68.95
−67.17
−68.30
−68.38
−68.40
−69.58
−71.93
−70.38
−72.85
−73.38
−72.70
−72.84
−72.85
−71.84
−71.70
−71.09
−71.67
−73.33
−72.80
−71.32
−70.90
−71.48
−66.75

The two records considered here that are purported to have
no local human impact (Cerro Llamoca and Consuelo) provide the best opportunity of obtaining a clear insight into past
climatic change in the C Andes during the last 2 kyr. The
record from Cerro Llamoca indicates a succession of dry and
moist episodes (Fig. 9b). After 0.5 ka, sediments are composed of redeposited and eroded material, and consequently
the interpretation of the latter half of the record is difﬁcult.
In contrast, little compositional change is evident in the Consuelo record, with the most signiﬁcant variance during the
last 2 kyr being a rise in Cecropia sp. pollen after 1 ka. Cecropia pollen is typically interpreted as an indicator of disturbance (Bush and Rivera, 2001), and therefore, in the absence of humans signal, the rise in Cecropia could be interpreted as an elevated level of natural disturbance. The switch

to very dry conditions at Cerro Llamoca in the western Andean cordillera and the rise in Cecropia at Consuelo on the
E Andean ﬂank are broadly coincident (∼ 0.85 ka); however,
it is not possible to say if this pattern results from a common
climatic mechanism.
Archaeological evidence from Chicha-Soras does not
show any evidence of human occupation of the valley between ∼ 1.9 and ∼ 1.4 ka. Between 1.4 and 1 ka and between 1 and 0.65 ka, a high abundance of Chenopodiaceae
or Amaranthaceae (Chen–Am) could be interpreted as either indicating arid conditions or expansion of quinoa crops
(Ledru et al., 2013b). However, a drop in charcoal fragments
(ﬁre activity) coupled with the absence of archaeological evidence (∼ 1.9–1.4 ka) suggests that people abandoned the val-
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Figure 7. Panel (a): map showing the pollen records discussed in the Venezuelan Guayana highlands and uplands and the number of PAGES-

2k criteria these records fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records
discussed. Not all records are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping
when the pollen record is not conclusive regarding the derived signal. Records fulﬁlling one or two criteria indicated by star.

ley during 1.5–0.5 ka and, consequently, that the aridity signal from the pollen could be interpreted as a climatic one.
Some climate information has been inferred from the four
remaining sites (Marcacocha, Pacucha, Nevado Coropuna,
and Urpi Kocha) despite the strong human inﬂuence on the
vegetation. At Nevado Coropuna humid conditions persisted
until a short dry episode occurred at 0.97–0.82 ka (Fig. 9b).
During the last 2 kyr at Marcacocha, successive peaks in
Cyperaceae pollen have been interpreted as indicative of
three periods of elevated aridity, while more abundant elevated Plantago at ∼ 1.9 ka is suggested to indicate cooler
conditions, and Alnus at ∼ 1–0.5 ka could indicate warmer
and drier conditions, although discerning the climate signal
related to Alnus is difﬁcult due to its utilization in agroforestry practices (Chepstow-Lusty and Jonsson, 2000). At
Pacucha and Urpi Kocha, signiﬁcant changes to the pollen
assemblage in the last 2 kyr are attributed to human activity
rather than climate. Although the pollen records are likely to
be somewhat obscured by the agricultural activities and irrigation of the crops, all high-elevation records with a moisture

balance signal suggest generally drier conditions occurred in
the C Andes between 1.2 and 0.7 ka when compared with the
rest of the last 2 kyr.
Generally, the pollen records from the Altiplano tend to
show a greater sensitivity to precipitation rather than to temperature. The greater sensitivity to precipitation is because
moisture availability is the limiting factor in most areas for
both vegetation and human occupation. However, human occupation indicates changes in temperature: (i) at Marcacocha,
when the sudden stop in agricultural activities is attributed to
colder temperatures and (ii) at Nevado Coropuna, when the
increase in human occupation (expansion of Inca culture) at
higher elevation shows that there was no glacier but there
were warmer temperatures.
4.5 Climate–vegetation interaction in the lowland
Amazon basin

For the purpose of this review, the lowland Amazon basin
constitutes those regions of the Amazon drainage below
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Figure 8. Panel (a): map showing the pollen records discussed in the Northern Andes and the number of PAGES-2k criteria these records
fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records discussed. Not all records
are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping when the pollen record
is not conclusive regarding the derived signal. Bars are shaded grey when the climate signal is obscured by human interference. Records
fulﬁlling one or two criteria indicated by star. Galápagos Islands not shown.

500 m a.s.l. and extends to the lowland Guayanas (Fig. 6 Box
D). This encompasses the evergreen rainforest, which covers most of Amazonia, as well as the southern transitional or
seasonally dry tropical forests located in NE Bolivia and S
Rondônia, N Mato Grosso, and N Para State, Brazil. It also
includes the Llanos de Moxos savannas of NE Bolivia, and
the ecotonal rainforest–savanna areas of N Roraima State,
Brazil, and extends to the coastal swamps or grasslands of N
Brazil and French Guiana.
In total, 42 published pollen records that cover the last
2 kyr were identiﬁed from the lowland Amazon basin. By
applying the dating constraints of the PAGES-2k criteria, the
majority of pollen records from the Amazon basin are discounted from any analysis of climate–vegetation interaction
for the past 2 kyr. Only 5 records complied with all four of
the criteria and 11 records met with three criteria (Fig. 10a;
Table 3). One of these records, Lake La Gaiba, is situated just
outside the Amazon basin, in the Pantanal region of central
Brazil and SE Bolivia. However, the record and its hydrological catchment reﬂect Holocene precipitation in the S Amazon
basin (Whitney et al., 2011), and it therefore was included as
part of this review.
Lake Quistococha in the NE Peruvian Amazon is surrounded by a Mauritia ﬂexuosa-dominated palm swamp.

Vegetation has undergone several signiﬁcant species compositional changes over the past 2 kyr. The broad pattern of vegetation change was from Cecropia-dominated riverine forest
at ∼ 2.2 ka to abundant Cyperaceae and ﬂoating grasses or
ferns and the commencement of peat formation ∼ 2.1 ka to
seasonally inundated riverine forest with abundant Moraceae
and Myrtaceae from ∼ 1.9 ka and, ﬁnally, the development of
closed-canopy, Mauritia-dominated swamp from ∼ 1 ka until the present. Superimposed on this broad pattern of change
were rapid, centennial-scale shifts in forest composition and
degree of openness. However, these rapid shifts were attributed by the authors to hydrological dynamics rather than
to climate change or human impact.
Lake Werth belongs to a collection of sites (including Gentry, Vargas, and Parker) in the “Madre de Díos” region of
the SE Peruvian Amazon. The lake formed at ∼ 3.4 ka and
records continuous evergreen rainforest throughout, with little evidence of burning. The records from the surrounding
three lakes concur, suggesting that, regionally, rainforest (and
climate) has been stable over the last 2 kyr.
Laguna Granja is located on the edge of the Pre-Cambrian
Shield in NE Bolivia. The earliest date for the record is 6 ka
and indicates that savanna characterized the landscape from
6 ka. This is in agreement with a regional-scale reconstruc-
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Figure 9. Panel (a): map showing the pollen records discussed in the Central Andes and the number of PAGES-2k criteria these records
fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records discussed. Not all records
are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping when the pollen record
is not conclusive regarding the derived signal. Bars are shaded grey when the climate signal is obscured by human interference. Records
fulﬁlling one or two criteria indicated by star.

tion from the much larger Lake Orícore (not shown; Carson et al., 2014), which is located < 20 km away from Laguna Granja and shows climate-driven expansion of evergreen rainforest in this region between ∼ 2 and 1.7 ka. However, forest expansion does not occur on the Granja site until 0.5 ka. The distribution of forest vs. savanna around Laguna Granja was shown to be heavily inﬂuenced by human
land use between 2.5 and 0.5 ka (Carson et al., 2014, 2015);
therefore, it is not suitable for analysis of naturally driven
vegetation dynamics.
The Fazenda Cigana record is in the savanna–galleryforest mosaic landscape in the N Brazilian Amazon. The
core was taken as one of a pair, along with the Terra Indígena Aningal record, which was cored from the same Mauritia swamp. The pollen records are dominated by Mauri-

tia throughout, attributed to continuously wet climate in this
region in the late Holocene. There are however centennialscale periods of gallery forest reduction and grassland expansion, accompanied by increased charcoal concentrations. Da
Silva Meneses et al. (2013) inferred that these periods of high
burning were anthropogenic in origin and compared them to
modern-day prescribed burning practices used by indigenous
people in the northern Amazon to maintain an open savanna
landscape. Despite the potential human interference, these
records demonstrate natural stability of the forest–savanna
ecotone over the last 1.5 kyr in this particular part of the N
Amazon.
The French Guiana K-VIII record was taken within a landscape of pre-Columbian mounded agricultural ﬁelds, with
the principal aim of investigating ancient human land use
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Figure 10. Panel (a): map showing the pollen records discussed in the lowland Amazon basin and the number of PAGES-2k criteria these
records fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records discussed. Not
all records are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping when the
pollen record is not conclusive regarding the derived signal. Records fulﬁlling one or two criteria indicated by star; m±: m a.s.l. based on
coordinates.

associated with these earthworks on a local scale. From the
earliest part of this record, the fossil pollen spectra indicate
seasonally inundated savanna, dominated by Cyperaceae and
Marantaceae until 0.8 ka, when human inference is detected.
In the post-European period after ∼ 0.5 ka, charcoal abundance increases, probably reﬂecting more intensive use of
ﬁre by colonial populations.
4.6

Climate–vegetation interaction in southern and
southeastern Brazil

The landscape in S and SE Brazil is diverse, from lowlands
to high mountains, from subtropical regions with frost to
tropical regions. Due to this heterogeneity distinct vegetation types occur throughout the region. The vegetation in
S–SE Brazil includes forest ecosystems such as the tropical Atlantic rainforest, Araucaria forest, semi-deciduous forest, “Cerrado” (savanna woodland), and different grassland

ecosystems such as “Campos” and “Campos de Altitude”
(high-elevation grassland) (Fig. 6 Box E). There is a gradient from no or short dry seasons in the coastal lowland to
6-month dry seasons in the hinterland (northernmost part of
the highland in SE Brazil), marking the vegetational gradient
from moist Atlantic rainforest to semi-deciduous forest and
to Cerrado. Additional background information is provided
in the Supplement.
There are approximately 50 pollen records known from
S–SE Brazil, but many sites have not been published in peerreviewed journals and were therefore not considered. Unfortunately, the two records that agree with all criteria show human interference (Table 3). Therefore, a general overview of
climate–vegetation interaction from the region is presented,
considering seven records that fulﬁl some of the criteria (Table 3, Fig. 11a).
In S Brazil pollen records indicate vegetational changes
that reﬂect a change from a relatively dry climate during
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Figure 11. Panel (a): map showing the pollen records discussed in southern and southeastern Brazil and the number of PAGES-2k criteria

these records fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records discussed.
Not all records are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping when the
pollen record is not conclusive regarding the derived signal. Bars are shaded grey when the climate signal is obscured by human interference.
Records fulﬁlling one or two criteria indicated by star.

the early and mid-Holocene to wetter conditions after about
4.3 ka, and in particular after 1.1 ka (Fig. 11b). Increasing
moisture is clearly indicated on the S Brazilian highlands by
the expansion of Araucaria forests in the form of gallery
forests along rivers and a pronounced expansion of Araucaria forest into the Campos after about 1.1 ka (e.g. Cambará do Sul and Rincão das Cabritas). The expansion of
gallery forests at similar time periods (5.2 and 1.6 ka) is also
recorded in the southernmost lowland in S Brazil by the São
Francisco de Assis record. Study sites that reﬂect changes
in the Atlantic rainforest area indicate an expansion during the Holocene where overall wetter conditions prevailed
compared to highland and southernmost lowland areas, e.g.
Ciama 2 (Fig. 11b).
In contrast to other sites and regions, a relatively humid
and warm phase during the LIA is inferred from the highresolution Cambará do Sul record as an expansion of Wein-

mannia in the Araucaria forest is observed. In SE Brazil the
Lago do Pires and Lagoa Nova record indicate that a dense
and closed semi-deciduous forest existed in the region only
during the late Holocene period under the current climatic
conditions with a ∼ 3-month dry season. In the mountains
of SE Brazil (e.g. Serra dos Órgãos record), a reduction in
Campos de Altitude occurred at 0.9 ka, indicating a change
to wetter conditions that is broadly coeval with a similar trend
in the Lago do Pires record (Fig. 11b).
4.7 Climate–vegetation interaction in the pampean plain

The pampean plain extends east of the Andes, between 30
and 40◦ S (Fig. 6 Box F), and is characterized by aeolian
landforms marking the climatic gradient of the landscape.
The natural vegetation of the pampas is a treeless grassland,
dominated by Poaceae in terms of both species number and
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Figure 12. Panel (a): map showing the pollen records discussed in the pampean plain and the number of PAGES-2k criteria these records
fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records discussed. Not all records
are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping when the pollen record
is not conclusive regarding the derived signal. The section of the lower bar that is shaded grey indicates where the climate signal is obscured
by human interference; m±: m a.s.l. based on coordinates.

abundance. Asteraceae shrubs (e.g. Baccharis and Eupatorium) are present locally in the S pampas, Cyperaceae characterize aquatic and wet-ground communities of temporarily ﬂooded depressions and shallow lakes mainly from the
E pampas, and Chenopodiaceae characterize edaphic communities such as salt marshes and alkaline ﬂat areas (Tonello
and Prieto, 2008). Additional background information is provided in the Supplement. In total, nine pollen records were
assessed for the last 2 kyr (Fig. 12a). All four dating criteria
were met in one record only (Lake Lonkoy), and three criteria were matched at Sauce Grande (Table 3). The pollen
record of the Hinojales-San Leoncio site does not fulﬁl the
four dating criteria; however, the record shows important hydrological signals for the last 2 kyr and is therefore brieﬂy
discussed.
Aquatic ecosystems are considered sensitive to climatic
and/or hydrological variations and exhibit frequent ﬂuctuations in their water level and extension, leaving ﬂooded
and/or exposed plains. Pollen together with non-pollen palynomorphs and plant macrofossil analysis present similar
trends in the SE pampas that support the idea that climate
is a regional trigger of change (Stutz et al., 2015). From 2
to 0.7–0.4 ka, an unstable regional environment with drier
climatic conditions than at present is inferred for the region
(Fig. 12b), based on halophyte plant communities (Chenopo-

diaceae) surrounding the lakes, whereas Chara and other
aquatic plants (e.g. Myriophyllum, Potamogeton) characterized the water bodies. Towards ∼ 0.5 ka, vegetation changed
to Cyperaceae dominance and aquatic plant composition
similar to modern associations. Thus, turbid conditions with
a higher water level and/or an extension of surface lakes under more stable environmental conditions are inferred. These
support humid conditions similar to the present with a noticeable increase in precipitation after 0.4 ka, indicated by
high Cyperaceae abundances. However, an integrative multiproxy approach allows inferring stable conditions and higher
salinity values between 1.9 and 0.9 ka and periods of water
level ﬂuctuations after 0.9 ka, with high water levels between
0.66 and 0.27 ka. These changes may have been caused by
ﬂuctuations in precipitation (Fontana, 2005).
4.8

Climate–vegetation interaction in the Southern
Andes and Patagonia

The study area comprises the S Andes, which includes subtropical and temperate regions (22–56◦ S) on both sides of
the Andes, including Patagonia (40–56◦ S), which extends
eastwards from the Andes to the Atlantic Ocean (Fig. 6 Box
G). The region has different geomorphological settings associated with glacial, volcanic, and tectonic activities. Vegetation associations reﬂect the west–east precipitation gradient
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Figure 13. Panel (a): map showing the pollen records discussed in the Southern Andes and Patagonia and the number of PAGES-2k criteria

these records fulﬁll. Panel (b): summary of moisture balance and temperature including human interference for the pollen records discussed.
Not all records are suitable to derive both a moisture and a temperature signal. Climate and human presence are shown overlapping when the
pollen record is not conclusive regarding the derived signal. Bars are shaded grey when the climate signal is obscured by human interference.
Records fulﬁlling one or two criteria indicated by star; m±: m a.s.l. based on coordinates.

from the wet Nothofagus forest to the dry grass and shrub
steppe towards the Atlantic coast. The south to north gradient along the Andes ranges from the Nothofagus temperate
forest in the austral region to the Nothofagus–Austrocedrus
forest, sclerophyllous forest, and xerophytic woodland in the
central region. At the northernmost end of the latitudinal gradient, the vegetation is adapted to extremely arid conditions
characterized by small and dwarf shrubs and scarce cover
(see the Supplement for additional descriptions).
In this region, there are 48 pollen records that cover the
last 2 kyr with at least one chronological control point during this period. Of these, the 19 records that fulﬁl PAGES2k criteria are mostly concentrated in the temperate forests,
while only few originate from xerophytic shrub steppe (1
record), subtropical–sclerophyllous forest (2 records), and
grass steppe (4 records) (Table 3; Fig. 13a).
There are three sites in the far south of Patagonia: the
Tierra del Fuego’s Onamonte mire (54◦ S) located at the
Nothofagus forest–grass-steppe ecotone shows a gradual
Nothofagus forest development between 1.5 and 0.5 ka followed by a major forest development up to the present, reﬂecting increased precipitation (Fig. 13b). Puerto Harberton

(55◦ S) in the mixed Nothofagus betuloides–N. pumilio forest
shows Nothofagus dominance during the last 2 kyr, whereas
the Ericaceae increase during the last 1 kyr suggests a local decrease in the water table. Similarly, at Valle de Andorra
(54◦ S) in a Nothofagus pumilio forest, Empetrum–Ericaceae
ﬂuctuations reﬂect changing water tables.
In S Patagonia (52–51◦ S) along the E Andes, there
are several sites at or near the forest–steppe ecotone. Of
these ecotonal sites, Río Rubens (52◦ S) shows a closed
Nothofagus forest until 0.4 ka when European impact starts
(Fig. 13b). Similarly, Lago Cipreses (51◦ S) and Lago Guanaco (51◦ S) show dominance of Nothofagus forest but
with an increase in non-arboreal pollen (and a decrease in
Nothofagus) associated with a reduction in precipitation induced by the southern westerly wind belt (SWWB) and the
SAM phases. Furthermore, changes associated with dry or
warm climate conditions appear to synchronize with northern
hemispheric events, such as the Industrial Revolution, MCA,
Roman Warm Period and Late Bronze Age Warm Period
(Moreno et al., 2014), that alternate with wet and cool phases.
Cerro Frías (50◦ S) shows open forest from 2.0 to 0.9 ka, followed by a period in which grass steppe that is punctuated
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by an increase in Nothofagus at 0.016 ka is prevalent. Estimates of annual precipitation suggest similar or higher values
than in the modern period between 2 and 1 ka and lower values between 0.9 and 0.015 ka, followed by similar-to-modern
precipitation in the last 0.015 ka. Currently located in mixed
deciduous Nothofagus forest, the Peninsula Avellaneda Bajo
(50◦ S) records an open forest from 2 ka, of which large expanses were replaced by grass steppe between 0.4 and 0.2 ka,
associated with a decline in precipitation.
In C Patagonia (47–44◦ S) pollen records are located in
the east of Andes (Fig. 13a). At Parque Nacional Perito
Moreno (47◦ S), a shrub–steppe expansion (Asteraceae and
Embothrium dominance) suggests lower precipitation values
between 1.2 and 0.25 ka compared to previous values, after which an increase in grass steppe occurs due to higher
moisture availability (Fig. 13b). However, the Mallín Pollux (45◦ S) record indicates an open canopy prior to 1.5 ka
followed by a Nothofagus forest expansion associated with
a precipitation increase. Mallín El Embudo (44◦ S), in a
Nothofagus deciduous forest, shows unvarying forest composition during the last 2 kyr. Located in the same valley,
the Lago Shaman (44◦ S) record (Nothofagus forest–steppe
ecotone) shows a more diverse pattern throughout the last
2 kyr, with a forest retraction at ∼ 1.7 ka followed by an expansion around 1.5–1.3 ka and a major forest development
around 0.5 ka. The forest decrease during the last 0.2 kyr is
associated with human intervention.
In N Patagonia (44–38◦ S), Lago Mosquito (42◦ S) is the
only record in the E Andes, and it is located at the transition between Austrocedrus woodland and shrubland steppe.
The record shows an open Nothofagus–Austrocedrus forest
with steppe and grassland elements between 2 and 1.4 ka,
changing to higher Nothofagus forest dominance, which is
attributed to wetter conditions (Fig. 13b). From 0.225 ka to
the present, Nothofagus shows a sharp decrease and Cupressaceae increases, together with a rise in introduced species,
e.g. Rumex and Pinus. At the same latitude, Lago Lepué
(42◦ S), located on the Isla Grande de Chiloé and surrounded
by evergreen rain forest, shows dominance of Nothofagus
during the last 6 kyr with an important reversal between 2 and
0.8 ka. This suggests lower precipitation than before and after
0.8 ka, shown by an increase in Weinmannia and Isoetes. The
Lago Pichilafquen (41◦ S) record, under the domain of the
SWWB and inﬂuenced by the subtropical Paciﬁc anticyclone
in summer, shows a series of warm and dry and cold and wet
phases for the last 2 kyr (Fig. 13b). These phases are inferred
by the varying abundances of Nothofagus and Eucryphia or
Caldcluvia and Poaceae. The last centuries are characterized by human intervention. At the temperate–subtropical
transition, the Lago San Pedro (38◦ S) record shows dry–
warm phases, which were associated with the MCA period.
Cold and wet conditions, inferred by the relation between
Nothofagus and Poaceae and changes in the depositional
time, prevailed during the LIA, possibly related to El Niño

and La Niña inﬂuencing these wet and dry phases, respectively (Fig. 5).
To the north (west of the Andes), the Laguna de Aculeo
record (34◦ S) shows dominance of Poaceae, suggesting relatively steady conditions during the last 2 kyr, with the exception of the last 0.1 kyr, when a trend towards warmer
conditions or human disturbance is reﬂected by an increase
in Chenopodiaceae (Fig. 13b). Interestingly, the sedimentary
record shows a series of turbidite layers associated with major ENSO frequency between 1.8 and 1.3 and between 0.7
and 0.3 ka (Jenny et al., 2002). The Palo Colorado (32◦ S)
record shows dominance of Myrtaceae associated with wet
conditions during the last 2 kyr alternating with several dry
pulses. A major dry peak at 0.4 ka may be related to climate
and/or human activity. Similarly in the E Andes, Abra del
Inﬁernillo (26◦ S) shows an increase in moisture between 2
and 0.75 ka inferred from Juncaceae, Poaceae, Cyperaceae
pollen, and fern spores and a change to dry climatic conditions similar to modern conditions from 0.75 ka on.
Laguna Potrok Aike and Laguna Azul (both 52◦ S) show
a dominance of Poaceae from 2 ka onwards, with pollen of
Nothofagus that was transported over a long distance. At Laguna Potrok Aike, reconstructed annual precipitation based
on a transfer function indicates rising values during the last
2 kyr (Fig. 13b). Cabo Vírgenes (52◦ S), located in the SE
Patagonian grass steppe, shows a shrubland community between 1.2 and 0.7 ka, associated with drier conditions than at
present. An increase in moisture after ∼ 0.7 ka is indicated
by Poaceae and Juncaginaceae pollen. Cabo Vírgenes CV22
shows a similar trend, with dry grass–shrub steppe between
1.05 and 0.6 ka, followed by a grass-dominated steppe suggesting higher moisture availability.
4.9

Indicators of human land use in 2 kyr pollen records

In any past environmental change reconstruction concerning the last 2 kyr, human land use must be considered as a
potentially important agent of environmental change. However, where there is no direct evidence of human land use,
such as cultigen pollen, distinguishing natural from anthropogenically induced burning and vegetation change can be
difﬁcult. In some cases anthropogenic deforestation and decreased moisture may result in similar signals in the pollen
record, and therefore complementary proxies of past environmental change can be used to support interpretations, such
as chironomids (Matthews-Bird et al., 2015; Williams et al.,
2012) and geochemical records from speleothems.
There are six key aspects of fossil records (pollen and
charcoal) that can be seen as indicators of past human activity. These are (i) a decrease in forest taxa (degraded forest) and/or forest composition, (ii) the presence of crops,
e.g. Zea mays, Manihot esculenta, and Phaseolus and Ipomoea, (iii) the presence of crop-related herbs, e.g. Rumex,
(iv) an increase in grasses or herbs, e.g. Poaceae, Cyperaceae,
and Asteraceae subf. Cichorioideae, (v) an increase in dis-
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turbance indicators, e.g. Chen–Am, Cecropia, Vismia, ferns,
and palms (including Mauritia and Euterpe or Geonoma),
and (vi) an elevated amount of charcoal due to anthropogenic
ﬁre (Fig. 14). These indicators of human activity can be split
into two classes: those that directly indicate human presence
and those from which it is indirectly inferred. Manihot esculenta and other crops, such as Zea mays, are considered
direct indicators of human inﬂuence and provide clear evidence of land use. Indirect indicators, such as a change in forest composition (e.g. due to deforestation) or the appearance
of species known as possible disturbance indicators (e.g. Cecropia or Mauritia), need further evidence from other proxies to support any inference of past human activity. Only by
looking at changes in pollen spectra in the context of other
evidence (e.g. from charcoal, limnological, sedimentological, or archaeological data sets) can the most probable driver
of any change be suggested.
In this paper, ambiguous records with few proxies were
not immediately discarded but were considered within the
context of the other records from their wider region. Based
on this, an assessment could be made as to whether an anthropogenic signal may have obscured the natural vegetation change trajectory. The moisture balance and temperature summaries for each region (Figs. 7–13) clearly indicates
when human interference obscures the climate assessment
and when both climate and/or humans may have inﬂuenced
the pollen record.
To date, major human impact in the Venezuelan Guayana
uplands has been suggested for the last 2 kyr and inferred
from the charcoal record, without any evidence from crops.
Compared to the highlands (1500–3000 m a.s.l.), the situation in the uplands (500–1500 m a.s.l.) differs substantially as
ﬁre is the factor most responsible for vegetation change during the last 2 kyr. The Urué record shows the consequence
of repeated burning for the vegetation, preventing the recovery of pre-existing forests and allowing the appearance
of “helechal” (fern-dominated vegetation; Huber and Riina,
1997) and the establishment of the savanna. The occurrence
of frequent ﬁres during the last 2 kyr is a common feature
of most of the upland records analysed so far, regardless of
the plant association present at each location. Synchronous
with this increase in ﬁre regime, the records that nowadays
are characterized by Mauritia palm swamps, showed parallel
a sudden appearance and establishment of Mauritia. Human
activities have been proposed as the likely cause of this high
abundance of ﬁres and thereby of the consequences that appeared in the landscape. In this sense, the repeated use of ﬁres
would have promoted the reduction in forests and expansion of the savanna, favouring the establishment of Mauritia
swamps after clearing. Two records are particularly relevant
regarding the human inﬂuence on the Venezuelan Guayana
uplands. The Lake Chonita sequence (Table 3) was one of
the earliest Mauritia establishments, coeval with a signiﬁcant
increase in the ﬁre regime during a likely local wet period
around 2 ka. In the southernmost boundary of the Venezuelan

Figure 14. Map showing human indicators observed in the pollen

records discussed (n = 68). The number of pollen records for each
human indicator is shown in the ﬁgure legend. A pollen record can
have different human indicators, and therefore the symbols may
show an offset relative to their exact location to avoid overlapping
point symbols. Details are found in Table 3.

Guayana, El Paují (Table 3) was interpreted as potentially reﬂecting human activities since the mid-Holocene. This location is characterized today by treeless savanna surrounded by
dense rainforests that established themselves at ∼ 1.4 ka as
shown by the high abundance in the record of algal remains
(local wet conditions) and charcoal particles (ﬁre regime).
The establishment of the present-day landscape was interpreted as mainly anthropogenically driven, with the arrival
of the current inhabitants. The occurrence of a previous secondary dry forest was interpreted as the result of climate–
human interplay, linking land abandonment and likely drier
climate as the main factor responsible for the vegetation
shift. From the Colombian savannas, human occupation is
attested since the mid-Holocene (Berrío et al., 2002). At site
Loma Linda a plausible signal of human interference in the
last 2 kyr is the increased savanna, although precipitation increase during the same period (Behling and Hooghiemstra,
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1998, 1999; Marchant et al., 2001, 2002) could be interfering with that signal.
The human history in the N Andean region goes back to
the Lateglacial period (Van der Hammen and Correal Urrego, 1978). The high plains of the Colombian Cordilleras
have provided suitable conditions for human settlements
since the start of the Holocene. Increasing human occupation became evident in pollen records after ∼ 3 ka, such as
at Fúquene-2 and Pantano de Genagra. In several Andean
pollen records, Rumex acetosella marked the arrival of Europeans from 0.4 ka onwards (Bellwood, 2004; Bakker et
al., 2008). Before these dates, indigenous populations were
scarce and their practices negligible in terms of impact, especially at high-elevations sites such as Piedras Blancas in
Venezuela.
In the tropical lowlands along the Paciﬁc coast, increases
in the presence of palms (mainly Euterpe or Geonoma) are
commonly interpreted as a result of more intensive forest use,
e.g. Lake Piusbi. Pollen grains from crops like Zea mays,
Phaseolus, and Ipomoea are found in Piagua (Vélez et al.,
2001). Human disturbance to the forest is considered indicated by high percentages of abundance of Cecropia, ferns,
and palms. Decreases in human impact during the last 2 kyr
have been described by sites like Pitalito basin (Bakker,
1990; Wille et al, 2001), Timbio (Wille et al., 2000), Pantano
de Genagra (Behling et al., 1998), Quilichao, and La Teta
(Berrío et al. 2002), as grassy vegetation (Poaceae) and Zea
mays disappeared and forest started to recover. This vegetation change could be related to the ﬁrst arrival of the Spanish
“conquistadores” (González-Carranza et al., 2012) or by a set
of different causes (Wille and Hooghiemstra, 2000).
In the C Andes a high level of human activity, spatially
variable in intensity, has been shaping the landscape for the
last 2 kyr. Chen–Am and Zea mays generally appear in all the
records in the Central Andes after 4 ka, e.g. Pacucha, Marcacocha, Chicha-Soras, and Urpi Kotcha. After 2 ka, Alnus and
agroforestry practices are observed (Marcacocha, Pacucha).
When irrigation started to be developed at sites without a
nearby lake, as for instance ∼ 1 ka at Nevado Coropuna, Ambrosia may have been used as a terrace consolidator. Evidence of afforestation at two sites with high human inﬂuence (Marcacocha and Pacucha) is observed. Indeed, Alnus
acuminata is a tree planted by the Inca to stabilize landscapes (Chepstow-Lusty, 2011). At lower elevations, in the
Andean forest, the last 2 kyr pollen data indicate little change
in woodland cover, which remains high on the E Andean
ﬂank (Consuelo) and low in the west (Urpi Kocha).
Of the 42 pollen records identiﬁed from the lowland Amazon basin, 15 show evidence of pre- and post-European land
use within the last millennia. Human land use is inferred
from these records from cultigen pollen grains, charcoal, and
forest clearance (Table 3). In some cases there is also archaeological and archaeobotanical evidence for human land use.
At many of the sites occupied by native Amazonians, evidence of decreased land use shows as a decline in burning by

or before 0.5 ka, probably in relation to ﬁrst European contact. However, some sites, such as French Guiana VII and
Laguna Granja, show evidence of continued post-European
land use.
In SE–S Brazil, the modern vegetation is strongly affected
by the logging of forests and different agricultural land-use
practices. During the last few decades, large-scale afforestation of grassland by Pinus is seen on the highlands. Similar to
SE–S Brazil, the pampas region has a relatively short farming history, since most of the area remained native grassland
until the end of the 19th and the beginning of the 20th century (Viglizzo and Frank, 2006). Today, only around 30 %
of the region is covered by natural or seminatural grassland.
Pampas vegetation does not show evidence of human impact
prior to European settlement at 0.4 ka. Europeans introduced
several tree species (e.g. Eucalyptus, Pinus), as well as cattle
(Bow taurus and Equus) and crops (Triticum aestivum, Helianthus annuus), but the intensive agricultural activities only
began 0.05 ka (Ghersa and León, 2001). The palaeoenvironmental history of shallow lakes shows a change to more productive systems (higher mass of phytoplankton and organic
matter content) during the last 0.1–0.08 kyr, probably due
to agricultural activities. On the other hand, pollen records
show an increase in pollen types associated with overgrazing
(Plantago and/or Asteraceae Asteroideae) and exotic trees
during the last 0.1 kyr.
In the S Andes and Patagonia, anthropogenic activities
during the last century have caused a range of disturbances
(e.g. ﬁre, forest clearance, grazing, agriculture) and major
vegetation changes in forest and steppe areas have occurred.
There is no conclusive evidence of native human activities in
the pollen records and native ﬁre disturbance has been long
discussed. Charcoal records from the E Andes ﬂank have not
revealed ﬁre activity associated with native populations. A
probable explanation for this lack of evidence is a low density
of populations associated with a sporadic impact on forest
(Iglesias and Whitlock, 2014). In general, human activities
indicators are forest decrease, the presence of exotic pollen
types (e.g. Rumex), and an increase of some pollen types
(e.g. Asteraceae subf. Cichorioideae, Chenopodiaceae), associated with a European presence in the region. The time
of colonization varied among S Andes and Patagonian sites,
but ∼ 0.1 ka can be considered as the start of European activities in Patagonia. Differences in timing of the ﬁrst appearance of human indicators in pollen records could reﬂect European settlement dynamics, with an earlier presence at more
northerly sites and later in more isolated areas (in the south
of continent). The ﬁrst human indicator is recorded at Río
Rubens (52◦ S) with the appearance of the European weed
pollen Rumex acetosella in the early European era (∼ 0.3 ka).
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5 Discussion of the regional assessments
5.1 General observations for 2 ka pollen compilations

This review reveals that those records with better dating resolution in the late Holocene are often from cores that span
a shorter time period, while longer temporal records have
less well-resolved Holocene chronologies. This likely reﬂects (i) the need to spread limited numbers of radiocarbon
dates in order to provide robust age models for these deeper
time records, (ii) the greater interest of previous researchers
in potential large-scale palaeovegetation changes, driven by
glacial–interglacial climate cycles, and other signiﬁcant periods of climatic change, such as the early-to-mid Holocene
drought, and (iii) the low sedimentation rate during the last
millennia in certain regions, e.g. lowland Amazonia. Furthermore, strong anthropogenic interference during the last
2 kyr complicates the interpretation of many records from
a palaeoclimate perspective, but with expert knowledge, climate signals can be ﬁltered. Additional difﬁculties arise from
the “one topic focus” of many studies, and authors do not often present the full range of data in their publications that are
required for a comprehensive reconstruction of vegetation,
climate, and human impacts over the last 2 kyr.
5.2 Venezuelan Guayana highlands and uplands

For the Venezuelan Guayana region, we here discuss the
highland and upland areas separately due to the signiﬁcant
differences in physiographical, climatic, and ecological features, as well as in the intensity of human pressure on their
respective ecosystems.
The highlands are virtually pristine and, according to the
palaeoecological records, they have remained in this state
at least since the early Holocene. Therefore, climate has
been the main driver of change. Palaeoecological records
for the last 2 kyr are scarce and generally of low resolution, but a common trait is the ecological stability as expressed in the vegetation constancy. The following hypotheses have been suggested to explain these observations: (i)
environmental changes were insufﬁcient to affect the highland vegetation, (ii) the high precipitation and relative humidity of the Chimantá summits (Briceño et al., 1990) have
buffered climatic changes, and (iii) the study sites are unsuitable for recording signiﬁcant vegetation changes because
there are no vegetation ecotones nearby (Rull, 2015). Further work is needed to test these hypotheses. So far, palaeoecological ﬁeldwork atop the tepuis has been carried out in
an exploratory, nonsystematic manner due to the remoteness
of the tepuis and the logistic and administrative constraints
(Rull et al., 2008). In the LOTRED-SA framework, the issue of vegetation constancy emerges as a priority and should
be addressed properly by ﬁnding suitable coring sites to be
analysed with high-resolution multiproxy tools. The use of
physical–chemical proxies independent of pollen and spores

is essential to record climatic shifts. Lake sediments would
be excellent for this purpose but, unfortunately, lakes are absent on tepui summits. The only permanent lake known so
far is Lake Gladys atop the Roraima tepui, the age and origin
of which remain unknown (Safont et al., 2014). At present,
the analysis of the Apakará PATAM9-A07 core, which meets
the PAGES-2k criteria, is in progress. The preliminary study
of this core showed the main Holocene vegetation trends at
millennial resolution (Rull et al., 2011), and the current analysis is being performed at multidecadal resolution. A new
core obtained at the Uei summit (PATAM8-A07; not included
in the Chimantá massif) and containing a decadal record for
the last 2 kyr is also currently being analysed (Safont, et al.,
2016).
In the GS uplands, the situation is very different and the
main driver of ecological change is ﬁre caused by humans.
This does not mean that climatic shifts have been absent
or that they have not affected the vegetation, but the action of anthropogenic ﬁres is more apparent than the action of climate and obscures it (Montoya and Rull, 2011).
So far, regional palaeoclimatic trends, based on independent
data obtained from the Cariaco basin (∼ 680 km to the north;
González et al., 2008), have been used as a reference for past
climate change on the GS uplands (Rull et al., 2013). Unfortunately, a more local independent palaeoclimatic record
for the GS uplands is still lacking, not only for the last 2 kyr
but also for the entire Holocene. Another limitation is that
most palaeoecological records available for the GS uplands
are from their southern sector, which is the lowermost part
of the peneplains and has a different climate and vegetation regime as compared to the northern sector. Some records
from the northern sector are available that ﬁt with the chronological PAGES-2k requirements (Leal et al., 2011), but only
summary diagrams are provided in peer-review publications
and therefore they cannot be used in this reconstruction. The
decadal to multidecadal analysis of a new core obtained in
Kamoirán (PATAM10-A07), in the northern GS uplands, is
in progress.
It should be stressed that the last 2 kyr seem to have been
critical for the ecological history of the GS uplands. Detailed knowledge of this period may be crucial to understand
the origin of the present-day landscape, which is intimately
linked to the temporal patterns of human impact from using ﬁre. The date of arrival of the current indigenous culture (Pemón) at GS is still unknown. Based mainly on historical documents, it has been postulated that this culture
settled in GS at ∼ 0.6 to 0.3 ka, coming from Guayana or
Brazil (Thomas, 1982, Colson, 1985; Huber, 1995a). However, these dates could be considered minimal ages, as recent
palaeoecological studies suggest that human groups with
landscape management practices similar to the Pemón people would have been present in the GS since ∼ 2 ka (Montoya
and Rull, 2011; Montoya et al., 2011a). Before that time,
the GS landscape was different from the present, including
larger extents of forested areas since the Lateglacial period
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(22–11.7 ka) and the absence of Mauritia palm swamps until
∼ 2 ka. The same time period seems to have been a landmark
event in neotropical history for similar reasons, as Rull and
Montoya (2014) showed a generalized increase in Mauritia
pollen abundances in northern South America during the last
2 kyr.
Given the northern position of the Venezuelan Guayana,
the vegetation responses studied have normally been related
to ENSO and ITCZ movements. These two main drivers are
represented by the Niño 3.4, AMO, IPO, and TNA modes,
which do indeed exert the main inﬂuence in the area, as
shown in Figs. 2–5 (especially with respect to temperature).
The lack of a signiﬁcant inﬂuence of AMO on precipitation in the region is surprising. It is worthwhile to compare
the climatic inferences made through fossil pollen records
with the climate modes’ effect on the area. Fossil pollen
records have suggested available moisture (or a precipitation / evapotranspiration ratio: P / E) as the main climatic
driver to take into account for vegetation responses. However, these inferences are based on very local spatial scale
proxies (e.g. algal remains). P / E is complex and higher temperature drives evapotranspiration, ﬁnally leading to lower
water levels under unchanged precipitation regimes (Van
Boxel et al., 2013). Interpretation of the fossil record is therefore complex and sometimes ambiguous. On the other hand,
both Paciﬁc and Atlantic climate modes appear to have a
potentially large effect on both temperature and precipitation in the region. Such ﬁndings suggest that the variations
in P / E inferred from the fossil record could be caused by
either of these two factors, or by both. Additional higherresolution multi-proxy analyses should shed a light on previously undetected modes in the region as well as disentangle
the combined effect of several forcing factors. Nevertheless,
upland records have been interpreted as primarily humandriven vegetation responses, so for the last 2 kyr the climatic
conclusions are constrained. Highland records have been described as an example of constancy, even insensitive to temperature change during the last 2 kyr, which could conﬁrm
that the temperature variability related to climate modes in
this region has been of a lesser magnitude than those required
to cross the vegetation tolerance ranges. Alternatively the intrinsic characteristics of the sites studied so far have inhibited
detecting any change.
5.3

Northern Andes

Study sites without human presence have been not identiﬁed
with certainty within the northern Andean region, inhibiting
the detection of a clear signal of climate tendencies in the last
2 kyr. Drier conditions prevailed in Colombian savanna lowlands, although the increased presence of Mauritia suggests
either increased humidity and/or human inﬂuence. Along the
Paciﬁc coast, generally wetter conditions prevailed (Fig. 8b),
but tectonic events might be masking clear patterns. The interpretation of some records should be undertaken with care

due to the noisiness of the data. Furthermore, due to the geomorphological complexity of the landscape and its latitudinal characteristics, this region is prone to a combination
of strongly overlapping climate signals within and between
years (Figs. 2–5; Marchant et al., 2001).
For the Northern Andes the position of the ITCZ and the
ENSO phenomenon are most important in driving changes in
precipitation, as clearly illustrated in the La Cocha-1 record
Figs. 4 and 5). Most signiﬁcantly, the altitudinal gradient in
temperature is modulated by ENSO and the TNA. This is
shown by the increased temperature variability around 5 ka
when the ENSO signal starts (Figs. 2 and 3). The Papallacacta record highlights the two modes which affect precipitation variability in this region, namely the eastern equatorial Paciﬁc and the tropical Atlantic. SST anomalies in both
basins have been related to climate variability in the N Andes
until 0.45 ka, with interdecadal variability dominating during the last 0.5 ka. Pallcacocha in S Ecuador also shows a
close match with ENSO, recording its strength during the last
15 kyr. Similarly associated with ENSO are the changes in
the plant assemblages detected in the high-resolution record
of El Junco on the Galápagos Islands.
Comparing vegetation–climate signals between the
Colombian lowlands and E Venezuela and NE Brazil has
shown opposite climate conditions. Dry conditions identiﬁed in the Colombian savannas (suggesting an ENSO–La
Niña) agree with similar conditions in the Bolivian pollen
records. During an El Niño setting, when Bolivian savannas
indicated wet conditions, the signal from Lake Valencia
in Venezuela reﬂected dry conditions (Martin et al., 1997;
Wille et al., 2003). Lowland sites generally show similar
patterns of climate change during the last 2 kyr and apparently synchronous events are observed over a larger spatial
scale. This climate-sensitive transition zone is thought to
reﬂect precession-forced changes in seasonality, latitudinal
migration of the ITCZ, and changes in the ENSO (Figs. 3
and 4). The sites in the Andean region, on the other hand,
are much more inﬂuenced by local geographical variability,
causing a more variable response mechanism.
5.4 Central Andes

The records from the Central Andean Altiplano suggest an
oscillation in moisture availability (precipitation) on a multicentennial timescale during the last 2 kyr (Fig. 9b). These oscillations are probably due to differences in the strength of
the summer precipitation. The timing of wet and dry events
is not uniform between sites, probably due to local microclimates and differences in vegetation sensitivity to climate
change, i.e. the high-elevation grassland (puna) versus midelevation Andean forest. The high-elevation peatland site of
Cerro Llamoca is the only Altiplano site with no discernible
local human impact and is the most robustly dated record
used in this study, with 33 radiocarbon ages in the last 2000
years. The Cerro Llamoca record therefore likely represents
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the clearest palaeoclimate signal for the C Andean region.
For example, records of glacial advance and retreat, and associated vegetation changes, from the Altiplano associated
with the LIA are not discernible in any record, apart from
Cerro Llamoca, because they are masked by changes associated with the arrival of Europeans, i.e. the abandonment of
the sites and/or changes in agricultural practices.
The interpretation of the climate signal from the C Andes
fossil pollen records suggests that during the last 2 kyr, precipitation, rather than temperature, was the key natural driver
of vegetation change. Nonetheless, the increase in temperature observed at Nevado Coropuna during the Inca period,
after 0.85 ka, could correspond to El Niño or IPO forcing.
Furthermore, the decrease in temperature observed at Marcacocha between 1.85 and 0.85 ka could be related to La Niña.
The Paciﬁc modes (Figs. 2 and 3) show a strong inﬂuence
along the coast, which is in agreement with the results of the
coastal pollen record (Urpi Kocha), where ENSO is considered responsible for extreme ﬂooding events.
The greater sensitivity to precipitation seen in the pollen
records is probably because moisture availability is the limiting factor for both vegetation and human settlement in most
areas. On the Altiplano, variations in the SASM have been
identiﬁed as a major driver of changes in moisture balance
at Cerro Llamoca, Nevado Coropuna, and Pacucha through
altering the summer precipitation. The SASM is also responsible for precipitation variations along the E Andean ﬂank, as
seen at Consuelo. As noted earlier, the highly seasonal precipitation in the C Andean region leads to rather weak correlations with ENSO and the IPO on an annual scale (Figs. 4
and 5). Notwithstanding this ENSO has been shown to have
a signiﬁcant inﬂuence in the C Andean region (both on temperature and precipitation) in numerous studies. It should
also be noted that ENSO and IPO inﬂuence the intensity of
the SASM (Garreaud et al., 2003; Vuille and Werner, 2005),
thereby affecting moisture delivery to the Altiplano region,
but because both ENSO and monsoon rainfall tend to peak
during a fairly short period between November and February, this connection is not clearly expressed in Figs. 4 and
5.
5.5 Lowland Amazon basin

The lowland Amazon basin shows a high spatial complexity
in relation to the various modelled climate modes (Figs. 2–
5). ENSO and IPO, for example, both indicate strong negative relationships with precipitation in the northeastern quarter of Amazonia, where they induce drying over this region
during their positive phase. Conversely, TSA shows a positive relationship with precipitation over the NE Amazon.
Precipitation in the NE Amazon region is clearly strongly
linked to tropical SSTs and ENSO variability. There are two
pollen records in this region (Les Nouragues NO9203 and
French Guiana VII), both of which display more local-scale
forest dynamics with additional human interference. There-

fore, these records are not considered suitable to investigate
the effect of these modes on vegetation over the last millennia. New pollen-based reconstructions should be prioritized
in this region to uncover the long-term drying effect of dominant ENSO–IPO or TSA modes on tropical lowland vegetation in the northeast. The most signiﬁcant late Holocene
vegetation changes are observed in records from the ecotonal
areas of the S Amazon (lakes Chaplin, Bella Vista, Orícore,
Carajás), where rainforest vegetation is located near the edge
of its climatic range. Therefore, vegetation response to precipitation change is most likely to be observed. This rainforest expansion during the mid-to-late Holocene resulted from
increasing insolation over the S tropics and the strengthening
or migration of the SASM, a complex component of the climate system that is inﬂuenced by several dominant modes.
Figures 4–5 show a weak negative precipitation anomaly
across the lowland Amazon associated with the TNA mode.
It is thought that higher sea surface temperatures in the tropical North Atlantic cause a reduction in Atlantic moisture
reaching the Amazon during austral winter, thus extending
the length or severity of the dry season, especially in S and
southwestern (SW) Amazonia (Lewis et al., 2011). The inﬂuence of the TNA mode may therefore be important to consider in Amazonian pollen records, given the known sensitivity of vegetation in these ecotonal areas to seasonal rainfall.
Most modes in Figs. 2–3 show high correlation and regression coefﬁcients with temperature anomalies over the lowland Amazon. Temperature anomalies can play a role, but
rainforest vegetation is unlikely to have shown sensitivity to
temperature changes of < 1◦ C (Punyasena, 2008; Punyasena
et al., 2008) but would show greater sensitivity to reductions
in minimum annual temperature (i.e. frost).
Better-resolved late Holocene records originate from small
lake basins (e.g. oxbows like Maxus-1, Laguna El Cerrito
and Laguna Frontera), which have small pollen catchment
areas. This means that they reﬂect predominantly local-scale
changes and are, therefore, more susceptible to having their
record of past environmental change dominated by signals
of ancient human land use and local hydrology (e.g. savanna gallery forest) rather than regional climate. Many of
these records from small basins were speciﬁcally selected in
the original study to investigate local-scale human impacts
around known occupation sites (Iriarte et al., 2012; Whitney
et al., 2014; Carson et al., 2014, 2015). Examples of continuous anthropogenic signals during the last 2 kyr are Laguna El
Cerrito, Laguna Frontera, and Laguna San José (Fig. 10b).
In order to address these complicating factors of pollen
catchment area and the anthropogenic signal, any future effort to obtain better-resolved Holocene pollen records in
the lowland Amazon should carefully consider the sampling methodology employed. Carson et al. (2014) demonstrated that sampling a combination of small and large lake
basins from within the same catchment allows a distinction
to be made between local-scale, anthropogenic impact and
regional-scale, climate-induced vegetation changes. In re-
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gions such as the C Amazon, where lakes are predominantly
limited to small oxbows, a sampling approach might be to
analyse cores from multiple records within the same locality and to compare those records in order to identify any regionally signiﬁcant pattern of palaeovegetation change (Cohen et al., 2012; Whitney et al., 2014). Oxbow lakes build
potentially dynamic archives and so require careful interpretation. However, their higher sedimentation rate means that
they have the potential to provide high temporal-resolution
palaeovegetation records of the late Holocene, which currently are largely absent from the Amazon lowlands.
Considering the large area of the Amazon basin, the number of pollen records is very small, and by applying the
PAGES-2k criteria, those numbers are further reduced. Furthermore, the records which are excluded from the analysis by these criteria include some of the most important
records of climate-driven vegetation change in the Amazon
basin, e.g. lakes Orícore (Carson et al., 2014), Carajás (Hermanowski et al., 2012), and lakes Bella Vista and Chaplin
(Mayle et al., 2000).
In order to avoid a “black hole” situation over the Amazon lowlands in any regional synthesis, one approach may
be to apply a lower threshold of dating criteria. If the selection criteria are relaxed to allow for those records that are
> 500 years old and have at least two chronological control
points within the last 2000 years, a further 14 records are
added to the list of qualifying records. Also, if the criteria are
stretched further to allow records with a lower date which is
earlier than, but close to 2 ka, the Chaplin and Gentry records
would also be included. Considering these records would
provide coverage from the central Amazon River region, the
N Brazilian Amazon, the E and NE coastal Amazon, and
the southeastern and southwestern basin. However, even with
these relaxed criteria, a number of key records would still be
excluded, e.g. Pata (Bush et al., 2004; D’Apolito et al., 2013),
La Gaiba (Whitney et al., 2011), and Bella Vista (Mayle et
al., 2000).
Any future investigation of late Holocene climate–
vegetation interaction may require new dating efforts to improve the age models of these key records. A Holoceneaged record from Lake La Gaiba produced by McGlue et
al. (2012) has produced a better-resolved age model than the
longer record from Whitney et al. (2011), which would meet
the PAGES-2k criteria. However, McGlue et al. (2012) analysed the geochemical properties of sediments from a new
core taken after the Whitney et al. (2011) study and did not
include any pollen data. No attempt has been made subsequently to correlate the chronologies of the two records.
Although the dating resolution in the late Holocene is poor
in many lowland Amazonian pollen records, it should be
noted that the majority of pollen records also shows little
variation in vegetation over the past ∼ 1 or 2 kyr. Whether
this reﬂects genuine ecosystem (and climate) stability over
the late Holocene or is a product of low sampling resolution within these long records is unclear. Most of these deep

temporal pollen records, as they are published now, likely
have subsample intervals of insufﬁcient resolution to be able
to discern high-frequency events, such as vegetation changes
associated with ENSO variability. However, in some cases,
such as Bella Vista (Burbridge et al., 2004) and Orícore (Carson et al., 2014), the potential for such ﬁne-resolution temporal reconstructions may be limited by the low sedimentation rate of the basins. Often these records come from short
sediment cores, in which the Holocene time interval is contained within a short depth range (i.e. < 1 m). A number of
shorter records, spanning Holocene time periods, exist in
the E coastal Amazon and could potentially provide high
temporal-resolution reconstructions over the last 2 kyr. However, most do not currently meet the PAGES-2k dating criteria.
5.6 Southern and southeastern Brazil

The limited number of pollen records from S–SE Brazil
for LOTRED-SA-2k has several reasons besides the insufﬁciently dated cores: (i) many archives, in particular peat
bogs, have very low sedimentation rates, i.e. often 100 cm
of peat deposit encompasses the complete Holocene (last
11.7 kyr), and (ii) the upper part of peat archives contains
actively growing roots and is therefore difﬁcult to date.
Despite the limited number of study sites available, general vegetation changes in S–SE Brazil can be established
(Fig. 11). Pollen assemblage shifts suggest a change toward
wetter conditions over the last 2 kyr, in particular due the
reduction in the dry-season length. The increased moisture
availability is generally thought to commence in SE Brazil
between 6 and 4 ka but is particularly pronounced in S–
SE Brazil during the last ∼ 1 kyr. Sites located in the highlands of S–SE Brazil along the transition zone between the
subtropics and tropics are sensitive to both temperature and
precipitation, but in the lower elevations, the length of the
dry season plays a more important role than temperature.
This dry-season length is modulated by the interplay between
SASM and SACZ, which bring abundant rainfall to SE Brazil
during the summer months (October–March) and the South
Atlantic Anticyclone, a semipermanent high-pressure system
located over the subtropical South Atlantic. The main impetus for rainfall on interannual timescales is ENSO, as El Niño
events tend to bring copious rainfall to the region (Figs. 4 and
5).
According to the pollen records, the intra-annual variability plays an important role in SE and S Brazil. The generally
long annual dry period during the early and mid-Holocene
limited the expansion of different forest ecosystems, while
a much shorter annual dry period during the late Holocene
allowed a strong expansion of forests, in particular of the
Araucaria forest in S Brazil. Interannual variability, inﬂuenced by the ENSO frequency, which increased during the
late Holocene, may also have a certain effect on the vegetation in the region. El Niño events cause high rainfall rates in
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S–SE Brazil (Garreaud et al., 2009). This is consistent with
results in Fig. 4, which show a positive correlation between
precipitation in the region, on the one hand, and Nino3.4 and
the IPO, and to a lesser extent also the TSA, on the other
hand. The effect of the slightly increasing precipitation in S
Brazil may be rather small, however, as rainfall is already
relatively high, as inferred from the records of past environmental change from S Brazil.
According to Fig. 2, the correlation of annual mean temperature over SA with the climate modes Nino3.4, IPO,
AMO, and TNA suggest a slight warming associated with the
positive phase of these modes (Fig. 3). Increasing temperatures sustained over a long period may cause a slight shift of
tropical plant populations to higher elevations on the mountains in SE Brazil and a slight expansion of tropical plants on
the southern highlands.
5.7 The pampean plain

There are several pollen records in the pampean plain that
span Holocene times, but few of them have well-resolved
chronologies for the last 2 kyr. Just one site fulﬁlls all
PAGES-2k criteria. Previously, pollen analyses in the pampean plain region have been carried out on alluvial sequences, or archaeological sites, which usually contain sedimentological discontinuities that impede a good chronological control. These pollen records show regional vegetation changes and climate inferences related to precipitation
changes (humid, dry, or arid conditions) or sea level ﬂuctuations, mainly on a millennial or centennial scale. Until today,
few studies have focused on elucidating palaeoenvironmental changes at a high temporal resolution during the last 2 kyr.
Furthermore, the pampean plain has a high number of potential sites: shallow lakes characterized by a continuous sedimentation that would provide robust age models and highquality pollen records. Conversely, the current pollen records
do not have the necessary resolution to identify vegetation–
human interaction during the last 0.3 kyr, and therefore improved chronological control and higher resolution is necessary.
General climatic tendencies in the region can be inferred
although few accurately dated pollen records are available.
While individual palaeoecological studies reveal local developments, general patterns emerge when information from
several sites is combined, such as Lonkoy and HinojalesSan Leoncio (Fig. 12b). A multi-proxy approach, including
pollen analyses, shows synchronous changes in these shallow
lakes from the SE pampas that are mainly a response to precipitation variations. Thus, between 2 and 0.5 ka, drier conditions than at present are inferred. Then, a transition phase
towards more humid conditions is observed, which stabilizes
between ∼ 0.3 and 0.1 ka, with values close to modern values (Stutz et al., 2014). These climatic inferences are valid
for the southeastern region but do not extend to the entire
pampean plain. In the S pampean plain, multi-proxy inter-

pretation at Sauce Grande (Fontana, 2005) shows a similar
change to more humid conditions at 0.66 ka and similar conditions to the present day after 0.27 ka, but pollen composition shows a low responsiveness to change (Fig. 12a). New
palaeoenvironmental reconstructions based on pollen records
are needed to disentangle the intrinsic ecosystem variability
from climate and to elucidate whether climatic events such
as the MCA or LIA had different expressions in the pampean
plain.
As seen in Figs. 2–5, these plains fall outside the areas that
are strongly inﬂuenced by the investigated climate modes.
Nonetheless, Figs. 2 and 3 indicate that the positive phase of
the TSA (a warm tropical South Atlantic) leads to a cooling
over the region, while a slight warming is associated with the
positive phase of the IPO. In Fig. 5, a weak positive correlation between rainfall in the region and the Niño 3.4 and IPO
modes is observed, which was previously also discussed by
Barros et al. (2006). The SAM on the other hand is negatively
correlated with precipitation in the region (Fig. 4), consistent
with results by Silvestri and Vera (2003), although this relationship has not yet been explored in pollen records as a
possible inﬂuence in the region. Hitherto, studies from the
pampean plain have only discussed dry or humid conditions
associated with reduced or increased precipitation, but no attempt to link these observations to large-scale climate variability has been made. The situation in this region is further
complicated by the fact that the moisture supply to the region
stems from two distinct sources, the South Atlantic (Labraga
et al., 2002) during austral winter and the SA monsoon system (Vera et al., 2006) during the austral summer. Hence,
pollen-based precipitation reconstructions also need to consider changes in the seasonality of precipitation and not just
climate variability associated with external inﬂuences from
ENSO or the SAM. Seasonally stratiﬁed analyses of the inﬂuence of ENSO or the SAM could therefore provide additional insights into the climate–vegetation interpretation as
focusing on annual mean values may mask strong seasonal
signals in the same way as discussed above for the C Andes.
5.8 Southern Andes and Patagonia

Even though a large number of pollen records are available
in the S Andes and Patagonia region, just 19 (between 32 and
54◦ S) fulﬁl the PAGES-2k criteria. In Patagonia most pollen
studies have been carried out with a focus on vegetation and
climate change over different or longer timescales, i.e. the
Pleistocene–Holocene transition (ca. 11.7 ka) or the entire
Holocene (last 11.7 kyr). The pollen records are considered
to mainly reﬂect changes in the SWWB and hence to be indicative of the polarity of the SAM. Southern records receive
precipitation related to the SWWB, whereas those located
to the north (40–32◦ S) are also inﬂuenced by the subtropical Paciﬁc anticyclone (SPA) that blocks winter precipitation
along a latitudinal gradient (decreasing precipitation during
JJA in the southern part to scarce precipitation during DJF in
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Table 4. List of abbreviations.

Abbreviations
ALLJ
AMO
C
Chen–Am
DJF
E
ENSO
GS
IPO
ITCZ
JJA
LAPD
LIA
LOTRED-SA
m a.s.l.
MCA
N
NE
NW
PAGES
P/E
S
SA
SACZ
SAM
SASM
SE
SON
SPA
SST
SW
SWWB
TNA
TSA
UFL
W

Andean low-level jet
Atlantic Multidecadal Oscillation
Central
Chenopodiaceae or Amaranthaceae
December–January–February
East(ern)
El Niño–Southern Oscillation
Gran Sabana
Interdecadal Paciﬁc Oscillation
Intertropical Convergence Zone
June–July–August
Latin American Pollen Database
Little Ice Age
LOng-Term multi-proxy climate REconstructions and Dynamics in South America
Metres above sea level
Medieval Climate Anomaly
North(ern)
Northeast(ern)
Northwest(ern)
Past Global Changes
Precipitation / evapotranspiration ratio
South(ern)
South America
South Atlantic convergence zone
Southern Annular Mode
South American summer monsoon
Southeast(ern)
September–October–November
Subtropical Paciﬁc anticyclone
Sea surface temperature
Southwest(ern)
Southern westerly wind belt
Tropical North Atlantic SST
Tropical South Atlantic SST
Upper forest line
West(ern)

the northern part). Furthermore, the Andean ridge provides
for a fundamental climatic divide with stronger westerlies
leading to enhanced precipitation to the west of the divide,
while sites located in Patagonia east of the Andean divide
receive enhanced precipitation associated with winds from
the east (Garreaud et al., 2013). In addition to this east–west
asymmetry, the comparison between northern and southern
records could also shed light on the expansion or retraction
and/or latitudinal shifts of the SWWB or a differential inﬂuence of the SPA. For example, records south of 46◦ S show
relatively dry conditions between ∼ 1 and 0.5 ka, whereas
drought occurs between 2 and 1.5 ka at sites north of this latitude (Fig. 13b). Differences in seasonality are another key
feature distinguishing precipitation records in N Patagonia
(summer rainfall, e.g. Lago San Pedro) from records further
north in central Chile (winter rainfall, e.g. Laguna de Aculeo

and Palo Colorado). Due to the regional complexity of the
climate, the region cannot easily be characterized by a single
climate mode. Different patterns are distinguished (Fig. 13b),
due to their geographical position, latitude, position east or
west of the Andes, and the intrinsic sensitivity of each record
to climatic variability.
Superimposed on the seasonally changing SWWB and
SPA dynamics are the interannual inﬂuences of the SAM
or Antarctic Oscillation and ENSO (Figs. 2–5). The positive
phase of the latter (El Niño) is associated with humid winters in subtropical Chile and with dry summers in northwest
(NW) Patagonia (Montecinos and Aceituno, 2003). Sites in
N Patagonia and C Chile therefore might be suitable to study
this asynchronous behaviour with regard to ENSO activity
(e.g. Lago San Pedro and Laguna de Aculeo).
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The strongest inﬂuence in the region on interannual
timescales, however, is exerted by the SAM. Figures 2–5
show a highly inverse correlation with precipitation and a
positive correlation with temperature over the southern tip
of South America (especially south of 40◦ S). The strong inﬂuence of the SAM on Patagonian climate, with drier and
warmer than average conditions associated with its positive phase, is well known and consistent with previous analyses by Gillet et al. (2006) and Garreaud et al. (2009).
Southernmost Patagonia therefore appears as a key area
to study climate–vegetation variability associated with the
SAM (e.g. Lago Cipreces). LIA and MCA chronozones are
well recorded both in S and N Patagonia (e.g. Lago Cipreses,
Peninsula Avellaneda Bajo, Lago San Pedro) but not in central Chile.
6 Conclusions

Through this review and analysis, ca. 180 fossil pollen
records that fulﬁll at least two of the PAGES-2k criteria
for robust climate reconstruction were identiﬁed for SA. Although this is still a relatively small number, compared to
the total number of fossil pollen records available from SA
(ca. 1400; Flantua et al., 2015), we expect that the number of
high-quality sites for reconstruction of climate over the last
2 kyr is likely to increase rapidly as new work is produced.
To conduct a review on this scale, it was necessary to divide
SA into seven subregions. Firstly, we summarize the ﬁnding
from each region and then draw broad conclusions regarding
the patterns across the whole of SA.
6.1 Conclusions by region

The following are the ﬁndings for the Venezuelan Guayana
highlands and uplands (seven study sites reviewed, Fig. 7):
– Moisture balance and temperature: records show a
higher sensitivity to moisture than to temperature. Two
drought intervals were detected coeval with the Little
Ice Age (LIA) in the Venezuelan Andes. Wet conditions
prevailed on the tepuian summits during the last 1 kyr.
– Humans: impact has been inferred from the charcoal
record, without any evidence of crops (four of seven
records). The use of ﬁres can favour the reduction in
forests and expansion of the savanna, favouring the establishment of Mauritia swamps after clearing. Earliest Mauritia establishment was observed around 2 ka,
but humans might have been present since the midHolocene leaving their signature on the present-day
landscape.
– Climate modes (Table 1): both Paciﬁc and Atlantic climate modes (Niño 3.4, AMO, IPO, and TNA modes) are
predicted to have a large effect on Venezuelan Guayana,
especially with regard to temperature. However, the

fossil pollen records from the highlands show no responses to temperature variability, suggesting that tolerance ranges were not surpassed and that temperature thus did not produce vegetation shifts. The precipitation / evapotranspiration ratio may play an additional
important role not yet studied.
Findings from the Northern Andes region (21 study sites
reviewed; Fig. 8):
– Moisture balance and temperature: fossil pollen records
are both moisture balance and temperature sensitive,
with tropical lowlands more sensitive to moisture and
Andean areas more sensitive to temperature. Overall
wetter conditions with warm and cold episodes are seen
during the last 2 kyr. These shifting temperatures are
displayed asynchronously in the records, and changes
in ENSO frequency have been detected in multiple
records.
– Humans: Andean records without human impact are
rare (just 4 of the 21 records) and a wide range of indicators for human activity is found. These include deforestation (loss of tree taxa) and the appearance of introduced taxa, e.g. palms, crops, and disturbance taxa.
The high level of evidence of humans in this region is
not surprising given that the history of the human occupation of the Andes goes back to the Lateglacial period
(ca. 10 ka; Van der Hammen and Correal Urrego, 1978).
– Climate modes: the altitudinal gradient in temperature is most importantly modulated by Paciﬁc modes
(Niño3.4) and the TNA. Records show a close match
with precipitation variability trigged by ENSO that displays a highly diverse spatial pattern throughout the region (Fig. 4).
Findings from the Central Andes (seven study sites reviewed; Fig. 9):
– Moisture balance and temperature: fossil pollen records
are more sensitive to changes in moisture balance than
temperature. The records on the E Andean ﬂank (Amazon ﬂank) suggest overall moist conditions during the
last 2 kyr, while the W Andean ﬂank (valleys and Paciﬁc
ﬂank) shows a succession of dry and moist episodes.
Generally drier conductions occurred in the C Andes
between 1.2 and 0.7 ka when compared with the rest of
the last 2 kyr.
– Humans: only two of the seven records reviewed were
found not to contain any evidence of human activity.
Human presence and land use provides hints on changes
in temperature, i.e. suggesting that the climate became
more favourable for human populations. However, arid
conditions during 1.5–0.5 ka may have forced humans
to abandon the Andean valleys, as there is evidence of
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afforestation at two sites with high human inﬂuence.
Human indicators are mostly the occurrence of crop
pollen, e.g. Zea mays.
– Climate modes: Paciﬁc modes show a strong inﬂuence
along the coast in the C Andean region. The SASM is
responsible for precipitation variations along the E Andean ﬂank, leading to weak correlation of ENSO and
the IPO on an annual scale. Nevertheless, ENSO and
IPO inﬂuence the intensity of the SASM and have been
shown to inﬂuence both temperature and precipitation
signiﬁcantly.
Findings from the lowland Amazon basin (19 study sites
reviewed; Fig. 10):
– Moisture balance and temperature: fossil pollen records
from the lowland Amazon basin are moisture sensitive
and indicate continuously wet climate throughout the
last 2 kyr; however, centennial-scale shifts are observed
in terms of forest composition attributed to hydrological
change.
– Humans: human activity has been detected in most
records (15 of 19 sites), evidenced by ﬁre (charcoal
abundances), forest clearance, and crops, e.g. Zea mays
and Manihot esculenta. After European contact, land
use decreases as shown by a decline in burning around
0.5 ka.
– Climate modes: precipitation in the NE Amazon region
is strongly linked to tropical sea surface temperatures
and ENSO variability. ENSO and IPO induce drying
in the NE Amazonia during their positive phase, while
TSA induces precipitation. Both the Paciﬁc and the Atlantic modes show high correlation and regression coefﬁcients with temperature anomalies over the lowland
Amazon.
Findings from southern and southeastern Brazil (seven
study site reviewed; Fig. 11):
– Moisture balance and temperature: Records are moisture sensitive and indicate continuously wet climate
throughout the last 2 kyr. Changes in forest composition
suggest a relatively humid and warm phase during the
LIA, in contrast to other regions.
– Humans: most human impact occurred during the last
0.4 kyr as indicated by the increased use of ﬁre. Furthermore, in the southern part of Brazil, human modiﬁcation of ecosystems is indicated by the appearance of
introduced taxa such as Pinus and Eucalyptus.
– Climate modes: Nino3.4, IPO, AMO, and TNA suggest
a slight warming associated with the positive phase of
these modes. There is a positive correlation between
precipitation in the region, on the one hand, and Nino3.4

and the IPO, and to a lesser extent also the TSA, on the
other hand. The ENSO frequency inﬂuences the interannual variability in precipitation and may affect the vegetation in the region where the duration of the dry season
is more important than temperature.
Findings from the pampean plain (three study sites reviewed; Fig. 12):
– Moisture balance and temperature: fossil pollen records
are moisture sensitive and do not detect temperature
shifts. From 2 to 0.7–0.4 ka, drier climatic conditions
than at present are inferred, while after 0.3 ka a noticeable increase in precipitation occurred (more positive
moisture balance).
– Humans: all records have human impact but this
widespread impact only occurs during the last 0.1 kyr,
and is a consequence of the introduction of exotic tree
species such as Eucalyptus and Pinus.
– Climate modes: models suggest that the climate modes
explored here exert only weak inﬂuences over the pampean region. Precipitation seasonality probably plays a
more important role as moisture supply stems from distinct sources during the year.
Findings from the Southern Andes and Patagonia (23
study sites reviewed; Fig. 13):
– Moisture balance and temperature: fossil pollen records
are both a moisture and a temperature sensitive, showing a highly diverse pattern of alternating phases during
the last 2 kyr. One record displays a major ENSO frequency between 1.8–1.3 and 0.7–0.3 ka.
– Humans: impact is present in most records (17 out of
23). Only the last centuries show clear human intervention associated with European arrival through the occurrence of Plantago (indicator of overgrazing), increased
grasses, introduced taxa (Pinus), and crop-related herbs
(Rumex). European colonization followed a clear north
to south migration pattern, while evidence for the presence of earlier human populations in the region is not
conclusive from palaeoecological records.
– Climate modes: the strongest inﬂuence in the region is
exerted by the SAM for both temperature and precipitation. The pollen records are considered to mainly reﬂect
changes in the southern westerly wind belt and hence
to be indicative of the SAM. ENSO inﬂuences mostly
precipitation.
6.2 General conclusions

On the basis of the region-by-region assessments from SA
we conclude more generally that
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– the low number of SA records that fulﬁll all the PAGES2k criteria (only 44) is a consequence of the age and
quantity of the sediments recovered (which place fundamental limits on the duration and resolution of any
study) and of the focus of the original research. Many
SA records have been excluded because their long time
span (> 10 ka) coupled with a relatively slow sedimentation allows only low temporal resolution of sampling;
furthermore, slow sedimentation rates mean that many
records do not have radiocarbon ages from within the
last 2 kyr.
– pollen records in SA can detect long-distance (between sites) synchronicity (differences and similarities)
in vegetation changes as an indication of regional precipitation and temperature variability; however, they
can also detect the local-scale change or variability,
which needs to be understood to determine whether a
long-distance signal is present. This interaction between
long-distance and local-scale signal has long been a
problem for palynologists (e.g. Jacobson and Bradshaw,
1981), but interestingly in SA it seems that the degree
of variation in signal varies between regions, i.e. in lowland regions there seems to be less between-site variability (consistent long-distance signal) compared with
Andean sites (high local-site-speciﬁc variability). This
variation between lowland and Andean sites is probably
a function of topographic complexity and hence lowland
pollen records provide a relatively cleaner long-distance
signal, from which large-scale atmospheric circulation
(climate) change can be assessed. However, we show
that fossil pollen records from all regions of SA can
be compared to help better understand past changes in
the intensity and area of inﬂuence of different climate
modes, such as ENSO or the AMO.
– throughout SA a number of overlapping climate modes
operate. We assess the correlation and regression coefﬁcients of the six most relevant climate modes to identify the modes with the most signiﬁcant inﬂuence on interannual temperature and precipitation variability. Every single pollen record most likely captures the signal
of various climate modes (Figs. 2–5), although they do
not all operate in the same frequency bands and modes
interact with one another through constructive interference. The causes of ambiguous climate–vegetation responses observed in pollen records can therefore probably be ascribed to the degree of climate mode interaction at a given location and to the degree of climate
mode interaction interaction with non-climate variables
(e.g. ecological interactions and natural hazards).
– the geographical location (latitude, longitude, and altitude) of a record naturally affects the sensitivity of
a study site to temperature- or precipitation-related
forcing (Figs. 7–13). The baseline for understanding

climate-driven changes in vegetation is related to either of these variables, but interpreting pollen records
in terms of a response to large-scale climatic forcing
may yield further insights as it allows an attribution
of temperature- and/or precipitation-driven changes to
forcing from climate modes originating in either the Atlantic or Paciﬁc Ocean.
Recommendations

Below we list a few speciﬁc recommendations for future engagements between climate- and pollen-related studies.
1. Quantitative translation from pollen metrics to climate
variables: assembling a meaningful multisite and multiproxy data set is hampered by the current gap between the palynological and the climate dynamics and
modelling community, both in terms of interpretation
and quantitative translation of pollen data into climate indicators. This gap can be narrowed when pollen
studies provide their own temperature or precipitation
approximations if the data are suitable for that purpose. There are only a few pollen studies that provide a quantitative interpretation of their pollen data in
terms of a climate variable. In the Andes, La Cocha-1
(González et al., 2012) and Papallacta PA1-08 (Ledru
et al., 2013a) provide such estimates of climatological
changes. In both cases the percentage of arboreal pollen
was used as a measurement of moisture or temperature
changes. Similarly Punyasena et al. (2008) and Whitney
et al. (2011) present innovative methodologies for climate reconstructions in the lowland tropics, as do Markgraf et al. (2002), Tonello and Prieto (2008), Tonello et
al. (2009, 2010), and Schäbitz et al. (2013) in southern SA. Providing additional climate estimates is not a
common feature in palynological studies, and this missing link becomes more obvious when the palynological
community is being engaged in a multidisciplinary effort such as LOTRED-SA and PAGES-2k.
2. Multi-proxy based research should become a mandatory goal for all further investigations. Caution should
be exercized when interpreting apparently contradictory
records provided by different groups for the same region; the interpretation of climatic and anthropogenic
signals in each record may be based on very different
(indirect) proxies. Hence, the apparent asynchronies or
contradictory interpretations could simply occur as a result of methodological artefacts (e.g. by not including
charcoal records, non-pollen palynomorphs, geochemical analyses). On the other hand, multi-proxy based research is especially relevant for those areas where human impact has been found for the last 2 kyr, but a
climatic interpretation is the aim of the study. Developing proxies suitable for generating independent climate reconstructions from lake sediments in SA in-
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cludes considering chironomids (Matthews-Bird et al.,
2015; Williams et al., 2012), while indications of humans can come from non-pollen palynomorphs, such as
the dung fungus Sporormiella (Williams et al., 2011).
3. For the stated purposes of the current and future PAGES
initiatives, researchers should be motivated to further
improve chronologies for existing sites. There is a need
to increase efforts in high-resolution studies with an accurate chronology for the last 2 kyr. At the same time,
the PAGES-2k criteria should be adjusted for pollen
records, especially by applying a lower threshold of dating criteria. A region such as the lowland Amazon is notorious for its paucity of records with good dating (e.g.
Ledru et al., 1998). Therefore, additional valuable sites
available should be considered for the overall purpose
of studying vegetation–climate linkages.
4. Further advances in understanding climate–human relationships are also likely to be made by the integration of palaeoecological and archaeological data (e.g.
Mayle and Iriarte, 2014) through conceptual modelling,
which can provide a framework for identifying patterns
and trajectories of change (e.g. Gosling and Williams,
2013).
5. Multi-proxy studies should compare data between different regions and records that are comparable in terms
of chronology and resolution. Comparisons may yield
insight into anti-phased climate variability resulting
from certain dominant climate modes (e.g. a comparison between the coast of Colombia and NE Brazil–
Guayanas, on the one hand, and S Brazil and E Argentina, on the other).
6. All Andean zones are quite active from tectonic and
volcanic points of view, and those drivers will have
had signiﬁcant impacts on the vegetation and maybe
in the fossil pollen records as well. However, this aspect was only discussed for the southern region of the
Andes. A chronology database focused on tephra control points could support current chronology constraints
and improve comparison between records. The recent
geochronological database within the LAPD can support such a multi-proxy approach for palaeoecological
integration (Flantua et al., 2016).
7. In this paper we focused less on the seasonal contrasts
throughout the continent, but in southern SA the seasonal component is extremely important, as precipitation shifts latitudinally over the course of the year. Precipitation in this region is the limiting factor for vegetation growth and pollen production. Key issues that
need further study include (a) a better understanding of
the relationship between winter and summer rainfall, (b)
the question of whether this relationship has remained
stationary over the last 2 kyr, and (c) the question of

whether changes in the intensity or location (latitudinal
shift) of rainfall have occurred.
8. High-resolution time series should be explored with frequency analysis to ﬁnd support for operating climate
modes.
9. Optimal exploration of the presence of climate modes in
pollen records requires a speciﬁc research design. Temporal resolution should be increased to below decadal
scale, chronological control of the sediments should be
optimized, and the main frequencies in the time series should be analysed and compared with a frequency
spectrum to be developed that shows characteristics of
the climate modes.
The Supplement related to this article is available online
at doi:10.5194/cp-12-483-2016-supplement.
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Supplementary Information
Climate modes
Since most of SA resides in the tropics and some indices are phase-locked to the seasonal cycle
(e.g. Niño 3.4), the correlation/regression of climate modes with temperature and precipitation
was carried out based on the tropical hydrologic year (July-June) rather than calendar years (Jan.Dec.), which would have also cut the SASM season in half. The time period of analysis is 50
years, from July 1958- June 2008, allowing the use of data with better spatiotemporal coverage
over SA than would have been available for the early half of the 20th century. A similar analysis
was carried out previously by Garreaud et al. (2009), but here we extend their analysis to include
additional indices that describe Atlantic modes of variability.
Gridded precipitation and temperature data were derived from the UDelaware data set
V2.01 (Legates & Wilmott, 1990). Over a dozen different indices of climate variability on
interannual to decadal timescales were trialed, but only the six most relevant ones (see Table 1)
are discussed and shown in Figs. 2-5. Since this is a linear analysis, it is important to keep in
mind that the negative phase of any of these oscillatory modes would lead to a similar influence,
but of the opposite sign, over SA. Similarly a perturbation of twice the magnitude would lead to a
temperature or precipitation response, which is also twice as large. This assumption of linearity is
not equally valid for all modes and all locations, but justified overall, as shown by Garreaud et al.
(2009). Another caveat to keep in mind in this type of analysis is that it assumes stationarity in
the teleconnections, i.e. that the relationship between local precipitation or temperature and the
climate mode has remained constant at least during the last 2k.
Venezuelan Guayana highlands and uplands
The Gran Sabana (GS) lies on the Guayana Shield, which is characterized by an Archaean to
Proterozoic igneous-metamorphic basement (Mendoza, 1977; Gibbs & Barron, 1993). The whole
GS region is covered by a thick sedimentary layer of Precambrian sandstone and quartzite (the
Precambrian Roraima Group), spiked with Paleozoic to Mesozoic intrusive diabases (Briceño et
al., 1990). The GS is an undulated erosion surface developed on the Roraima sediments that
forms an altiplano slightly inclined to the south, ranging from approximately 750 to 1450 masl
(Briceño & Schubert, 1990). This peneplain constitutes the basal level from which the
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emblematic tepuis emerge, with characteristic flat summits and vertical cliffs. These table
mountains developed on the Roraima Group by differential erosion during the Cretaceous
(Briceño & Schubert, 1990). In the uplands, soils are mostly savanna oxisols and shallow
inceptisols in floodplains. Histosols are common on top of the tepuis, where they develop peat
bogs and extensive peat mats (Huber, 1995a; Zink & García, 2011).
Submesothermic ombrophilous climate occurs in the GS uplands (between 500 and 1200
m elev.) and is characterized by average temperatures between 18 and 24 ºC and 2000-3000 mm
of total annual precipitation with a weak dry season (<60 mm/month) from December to March
(Huber 1995a). In the southern GS, the climate becomes submesothermic tropophilous, which is
less humid (1600-200 mm/year) and more seasonal. The GS highlands between 1500 and 2400
masl are under a mesothermic ombrophilous climate, with average temperatures between 12 and
18 ºC and 2500-3500 mm of annual precipitation, without a true dry season. Additional moisture
is supplied by the frequent occurrence of dense mists. Winds and thunderstorms are frequent.
Submicrothermic ombrophilous climates are typical on the highest tepuian summits, above 2400
masl. There, the precipitation and mist regime are similar to the former, but the annual average
temperature is lower, approximately 10 ºC or less. Freezing temperatures have not yet been
measured there and it has been proposed that the constantly high air moisture (Huber & García,
2011) may act as a buffer preventing the air from reaching freezing point. It has been reported
that the general lapse rate for the whole region is -0.6 ºC/100 masl (Galán, 1992).
The GS uplands are mostly covered by treeless savannas dominated by grasses of the
genera Axonopus and Trachypogon, accompanied by sedges such as Bulbostylis and
Rhynchospora. Woody elements are rare in the GS savannas, and they are restricted to stunted
plants that do not emerge above the herb layer (Huber, 1995c). Most GS forests are considered to
fall within the category of lower montane forests because of their intermediate position between
lowland and highland forests (Hernández, 1999).The GS forests are highly diverse and their
composition varies with elevation; common genera include Virola (Myristicaceae), Protium
(Burseraceae),

Tabebuia

(Chrysobalanaceae),

(Bignoniaceae),

Clathrotropis

(Fabaceae),

Ruizterania
Aspidosperma

(Vochysiaceae),
(Apocynaceae),

Licania
Caraipa

(Clusiaceae), Dimorphandra (Caesalpinaceae) and Byrsonima (Malpighiaceae) (Huber, 1986).
Gallery forests are also common along rivers and on lake shores. The GS shrublands usually
occur between 800 and 1500 m elevation and are more frequent at the northern area than at the
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southern part (Huber, 1995b). They are also highly diverse, and their composition varies
according to soil type (rocky, sandy or ferruginous). The common elements are Clusia
(Clusiaceae), Humiria and Sacoglottis (Humiriaceae), Pera (Euphorbiaceae), Emmotum
(Icacinaceae), Matayba (Sapindaceae), Bonnetia (Bonnetiaceae), Phyllanthus (Euphorbiaceae),
and Cyrillopsis (Ixonanthaceae) (Huber, 1995c). A special vegetation type called morichales,
dominated by the palm Mauritia flexuosa L., develops on wide alluvial plains associated with
flooded areas such as lake shores and water courses. The upper elevational boundary of the
morichales is approximately 1000 masl (Rull, 1998); hence, they are restricted to the
southernmost part of the GS. Another peculiar vegetation type that grows on peaty soils and is
interspersed with treeless savannas is the broad-leaved meadows dominated by Stegolepis
(Rapateaceae), with Xyris and Abolboda (Xyridaceae), several Cyperaceae, Nietneria
(Nartheciaceae) and conspicuous tubular rosettes of Brocchinia (Bromeliaceae).The GS
highlands are part of the so-called Pantepui phytogeographical province, which is characterized
by unique biodiversity and endemism patterns, encompassing all the tepui summits above 1500
masl (Huber, 1994; Berry et al., 1995). The vegetation is characterized by a mosaic of bare rock,
pioneer vegetation, tepuian forests, herbaceous formations and shrublands (Huber, 1995c).
Pioneer communities are composed mainly of algae (Stigonema) and lichens (Cladonia, Cladina,
Siphula) growing directly on rocks. The forests are mostly situated along rivers and are
dominated by Bonnetia roraimae, accompanied by Schefflera (Araliaceae), Spathelia (Rutaceae),
Stenopadus (Asteraceae) and Malanea (Rubiaceae). The forests on the diabase intrusions are
similar, but they are dominated by Stenopadus and Spathelia instead of Bonnetia. Among the
herbaceous communities, grasslands and meadows are more important. Grasslands are restricted
to flooded plains on the center of the massif and are characterized by grasses (Cortaderia,
Aulonemia), and sedges (Cladium, Rhycocladium, Rhyncospora). The meadows are broad-leaved
communities dominated by Stegolepis ligulata (Rapateaceae), which is endemic to the Chimantá,
accompanied by Xyris, Everardia and Lagenocarpus (Cyperaceae), Lindmania and Brocchinia
(Bromeliaceae), Heliamphora (Sarraceniaceae), and Syngonanthus (Eriocaulaceae). Shrubs occur
as small clusters or as isolated individuals. Shrublands are the more developed and diverse
communities of the Chimantá. The paramoid shrublands are exclusive to this massif and are
dominated by species of Chimantaea (Asteraceae), a genus endemic to the Chimantá and other
neighboring tepuis. The herbaceous stratum is dominated by the bambusoid Myriocladus
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(Poaceae) and several Xyridaceae, Cyperaceae and Eriocaulaceae, as well as Lindmannia,
Everardia and Heliamphora.
The GS region is presently the homeland of the Pemón indigenous group, of the Caribspeaking family. Today, they are sedentary, living in small villages, usually in open savannas.
Fire is a key component of the Pemón culture and they use it every day to burn savannas and the
adjacent forests (Kingsbury, 2001). In addition to the slow and continuous savanna expansion due
to the edge effect of fires on the forest-savanna ecotone, accidental uncontrolled fires burning
huge forest areas have also been observed on occasion (Fölster, 1986). The reasons for the extent
and frequency of these fires include activities such as cooking, hunting, fire prevention,
communication and magic, among others (Rodríguez, 2007). Surprisingly, land-use practices
such as extensive agriculture or cattle raising, typical of other cultures strongly linked to fire, are
not characteristic of the Pemón culture (Rodríguez, 2004). The large number of fires today in the
GS uplands (~10,000 each year; Huber, 1995d) are essentially human-made. It is estimated that
most of the GS areas are burned every 1-3 years (Hernández & Fölster, 1994). In contrast, the GS
highlands remain virtually pristine (Rull, 2007; 2010). The Pemón people do not visit the tepui
summits, as they consider the tepuis the home of gods or the remains of their tree of life, and are
thus sacred lands forbidden to humans (Gorzula & Huber, 1992). In addition, the tepui summits
are remote and nearly inaccessible, as only a few can be reached by foot after several days of
walking and climbing. Since the first known expedition in 1884, most visits have been for
scientific reasons, as attempts to find any economic profit have failed. No exploitable mineral
resources have been found, the soils are unsuitable for agriculture, and there are no grasslands
suitable for cattle raising (Gorzula & Huber, 1992). Scientific expeditions ceased in recent
decades due to official protection, but tourism increased. However, tourism is restricted to
sporadic activities, and there is no permanent establishment or structure on top of the tepuis.
Since 1962, several conservation measures have been implemented to protect the tepuis,
including the creation of national parks, natural monuments, and biosphere reserves (Huber,
1995d).
Southeastern and Southern Brazil
The Atlantic rainforest occurs in S-SE Brazil as a 100 to 200 km narrow zone in the coastal
lowlands along the Atlantic Ocean, and on the coastal eastern slopes of the mountain ranges. The
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tropical semi-deciduous forest occurs further inland in SE Brazil. The Cerrado is found primarily
in C Brazil, but also in the N part of SE Brazil. The subtropical grasslands are found in highland
S Brazil and lowlands of the southernmost region of S Brazil.
Subtropical Araucaria forest is found on the S Brazilian highlands between 24 and 30° S
(1000-1400 m.a.s.l.), and in SE Brazil in small isolated areas between 18 and 24° S (1400-1800
masl.) (Hueck, 1953). Frost-sensitive tropical Atlantic rainforests reach their limit in the southern
region of Santa Catarina state (Klein, 1978; Por, 1992). The climate is warm and humid without
any or only a short dry period of less than 2 months. The annual precipitation ranges from 1250
to 2000 mm and up to 4000 mm in the higher coastal mountains. The average annual temperature
is between 17 and 24 °C (Nimer, 1989). On the highland in southern Brazil where frosts (in rare
o

cases up to -8/-10 C) occur during austral winter tropical plants have their limitations,
subtropical Araucaria forest occurs. In particular Araucaria angustifolia require a minimum
precipitation of 1400 mm per year with no marked dry seasons. If the rainfall is low often a
mosaic of Campos (grassland) and Araucaria forest occur. The climate in the subtropical
Araucaria forest is temperate and humid without pronounced dry periods. The annual
precipitation is between 1400 and 2200 mm. The average annual temperature ranges mainly
between 12 and 18 °C. Nights in cold winters may have temperatures of -4 to 8 °C in the upper
region of the Serra Geral (Nimer, 1989). The tropical semi-deciduous forest occurs in regions in
SE Brazil, with an annual dry season between 3 and 5 months and an annual rainfall between
1000 and 1500 mm. The average annual temperature is between 20 and 26 °C. A few isolated
patches of Cerrado occur in the area of semi-deciduous forest in SE Brazil (Hueck, 1956). The
annual precipitation in most of the Cerrado region is between 1000 and 1750 mm, the annual
temperature is between 20 and 26 °C, and the length of the dry season is between 5 and 6 months
(Nimer, 1989).
The subtropical grassland, which is called in Brazil Campos, is found on the highland in
southern Brazil and in the lowlands of the southernmost region of southern Brazil. The latter is
similar to the pampa grassland, which occurs mainly in Uruguay and Argentina. Campos on the S
Brazilian highlands often form a mosaic with Araucaria forests (Klein, 1978). Campos de
Altitude occurs on mountains, at elevations above 1600 m in S Brazil and above 1800 m mainly
in SE Brazil (Safford, 1999a,b).

- 129 -

4

Southern Andes and Extra-Andean Patagonia
There are three main climatic features that interact in this region: (1) the Southern Westerly Wind
Belt (SWWB) which majorly influence the southernmost tip of South America up to 38°S; (2) the
Subtropical Pacific Anticyclone located around (20-40ºS) that interacts with the SWWB
modulating the climate of Central Chile; and (3) the South America Summer Monsoon (SASM)
that combined with the Bolivian Altiplano, the surface easterly winds and local topography
determines the climate of the Altiplano and the Atacama Desert (Garreaud, 2009). The Andes are
an important topographic barrier humid air masses coming from Pacific, causing a strong WE
precipitation gradient. Precipitation and westerlies flow at 850 hPa (SWWB) present high
correlations on the western side of the Andes, less significant on the leeward side, and negative
eastwards to Atlantic Ocean (Garreaud et al., 2013). Eventually, wet air masses from the Atlantic
Ocean generate extreme precipitation events in dry regions of extra-Andean Patagonia. The other
strong climatic gradient varies from the very wet extratropical environments in the southern tip to
the hyperarid Atacama Desert, the driest of the world (Miller 1976). Three main climatic regions
could be defined: (1) an temperate region (38-56ºS) characterized by rainfall year-round in the
Andean region and more seasonally precipitation in extra-Andean Patagonia; (2) a central region
(38-27ºS) characterized by a strong precipitation seasonality (winter rainfalls) in the core area
and shows increasing precipitation towards the south up to 40°S and a decreasing to the N (27°S);
and (3) a northern region (north of 27ºS) which presents scarce precipitation concentrated in high
Andes, related to the eastern moisture source (SASM) and absence of precipitation in the core of
Atacama Desert.
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Pampa plains
Climatic features over Pampa plain are mainly influenced by (1) the SE trade wind circulation
associated with the subtropical South Atlantic anticyclone bringing moisture into the subtropics
located east of the Andes, and (2) the meridional transport of water vapour (low level jet) from
humid lowlands of Brazil to subtropics (Piovano et al, 2009). Mean annual rainfall varies
between 600 and 1200 mm, depending on latitude and distance from the sea, and the precipitation
regimen experience a pronounced seasonal cycle. The rainy season with maximums on December
and March (austral summer) is related to an intense convective activity in continental and oceanic
unstable masses and the development of a monsoon-like system (Vera et al., 2006) that could
influence south far 35°S. Whereas, during dry season (austral winter) prevails convective activity
related to frontal systems, being the subtropical South Atlantic anticyclone the main moisture
source. Frequently, atmospheric circulation pattern is modified by episodic incursions of polar air
outbreaks that originate pre- and frontal precipitation.
Other important components of the vegetation are Asteraceae, Cyperaceae, Solanaceae,
Apiaceae and Chenopodiaceae, that accompanied Poaceae at regional scale and define different
edaphic communities locally (Tonello & Prieto, 2008).
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Application of GIS and logistic regression to fossil
pollen data in modelling present and past spatial
distribution of the Colombian savanna
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PREFACE
This chapter has been published as follows:
Flantua, S.G.A., Van Boxel, J.H., Hooghiemstra, H., Van Smaalen, J., 2007. Application of GIS

and logistic regression to fossil pollen data in modelling present and past spatial
distribution of the Colombian savanna. Climate Dynamics 29, 697–712.
doi:10.1007/s00382-007-0276-3.
In the previous chapter, I discussed the climate variability seen for different regions
throughout South America and identify changes over time between sites. The comparison
among records is done in a temporal manner, to identify trends of synchronous responses
and the reasons for lack of synchronicity.

The framework of this current Chapter 5 is to explore change through time in a spatial
manner by creating spatially continuous maps of past land cover. These estimated surfaces
are created from sample data points in Geographic Information Systems (GIS), in this case a
set of spatially distributed data points from pollen records. Here I address the research
question ‘Is data from palynological site studies suitable for implementation into GIS, where it
is synthesized to create spatially continuous maps of past land cover?’ The case study area for
such testing is located in a flat region in the eastern side of the Colombia, called the ‘Llanos
Orientales’ (the ‘Eastern plains’), where a vast region of savannas is located.
A combination of GIS with statistical methods allows a first exploration of the use of spatial
tools for mapping of pollen data. The chapter consists of two sections: The first section is
the creation of a predictive model using binary logistical regression to map the spatial
distribution of savannas. This was done to understand the environmental variables, mainly
climate, that determine the presence and absence of savannas in the region. This method
was proposed as a simplistic suitability model for savanna biomes, using a set of
environmental variables and occurrence locations, to produce a spatial model of the range
of savannas. The second section consists of the creation of past land-cover maps based on
10 pollen records located in the region. Pollen percentages reflecting the savanna biome are
‘translated’ to savanna/forest maps and interpolated by means of two different
interpolation methods. Continuous maps of land cover are assessed for the past 8000 years.
The implemented method is a first explorative means to fossil pollen mapping through time
from a biome habitat modeling perspective.
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Abstract Climate changes affect the abundance, geographic extent, and floral composition of vegetation, which
are reflected in the pollen rain. Sediment cores taken from
lakes and peat bogs can be analysed for their pollen content. The fossil pollen records provide information on the
temporal changes in climate and palaeo-environments.
Although the complexity of the variables influencing vegetation distribution requires a multi-dimensional approach,
only a few research projects have used GIS to analyse
pollen data. This paper presents a new approach to palynological data analysis by combining GIS and spatial
modelling. Eastern Colombia was chosen as a study area
owing to the migration of the forest–savanna boundary
since the last glacial maximum, and the availability of
pollen records. Logistic regression has been used to identify the climatic variables that determine the distribution of
savanna and forest in eastern Colombia. These variables
were used to create a predictive land-cover model, which
was subsequently implemented into a GIS to perform
spatial analysis on the results. The palynological data from
the study area were incorporated into the GIS. Reconstructed maps of past vegetation distribution by interpolation showed a new approach of regional multi-site data
synthesis related to climatic parameters. The logistic
regression model resulted in a map with 85.7% predictive
accuracy, which is considered useful for the reconstruction
of future and past land-cover distributions. The suitability
of palynological GIS application depends on the number of
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pollen sites, the distribution of the pollen sites over the area
of interest, and the degree of overlap of the age ranges of
the pollen records.
Keywords Climate change  Pollen data  Geographic
information system (GIS)  Savanna  Logistic regression 
Predictive modelling  Land-cover distribution 
Interpolation maps

1 Introduction
Climate change at glacial-interglacial cycle time scales has
had an impact on the vegetation in many parts of the world.
Vegetation change is reflected by changes in the abundance, geographic extent, location of source areas, and
floral composition of plant populations. The pollen grains
from these changing plant populations are preserved in
lakes and peat bogs. Sediment cores can be obtained which
show temporal changes in the fossil pollen assemblages.
Palynologists present these data in pollen diagrams and
interpret the downcore changes in pollen spectra, and the
variation in pollen representation of individual pollen taxa
in terms of past vegetation change and inferred environmental conditions.
One area of palynological research has been the tropical
lowlands of northern South-America. Here, savanna ecosystems occur north of a vast region of tropical rainforest.
These savannas, located in Colombia and Venezuela, extend from the Eastern Cordillera to the eastern coast of
Venezuela. The southern boundary of the savanna vegetation, which is transitional to tropical rainforest, has
migrated in the past (Behling and Hooghiemstra 1998).
Shifts of this savanna–forest transition depend heavily on
annual precipitation values and the length of the dry season
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while temperature change has little impact. Such a clear
relationship between climate parameters and environmental setting is attractive to explore for changes in the past.
Although these pollen records have revealed temporal
changes in vegetation dynamics, the degree of environmental change has only been expressed in general qualitative terms, such as ‘‘drier’’ or ‘‘wetter’’ conditions, or
suggestions about changes in the seasonality, such as
‘‘shorter’’ or ‘‘longer dry period’’ (Behling and Hooghiemstra 1998; Berrı́o 2002).
So far, little research has been carried out where palynological data has been analysed by software specially
designed for spatial analysis, such as geographical information systems (GIS) (Paez et al. 2001; Davis et al. 2003).
Most palynological publications, which include pollen
mapping, use isopollen or isochrone maps (e.g. Birks 1989;
Yu et al. 2001) and mapped pollen percentages (Brubacker
et al. 2005). The integration of GIS in palynological research seems to be in an explorative stage where the
applications of GIS are diverse but scarce, e.g., mapping
plant-distributions (Jago and Boyd 2003; Giesecke and
Bennett 2004); habitat suitability analysis (e.g., Lyford et al.
2003); and the reconstruction of past vegetation (e.g., Ray
and Adams 2001; Bickford and Mackey 2004; Veski et al.
2005). Due to the complexity and the spatial heterogeneity
of the variables influencing the spatial distribution of vegetation, palynological analysis thus far has mainly been
limited to non-spatial methods: the search for structure in
multidimensional data sets using 1D tools. There are several
reasons to implement palynological datasets into GIS: palynological datasets in general are large and complex to
interpret; the data consists of changes which have occurred
over an area (2D surface), and over time (the 3D-variable);
and frequently, data from different sites must be compared
by the researcher to make an interpretation of a complete
area rather than of one single site only. For this reason it has
become necessary to introduce GIS as a new analytic tool
for palynological research.
The aim of this paper is to detail a new approach to
pollen data analysis by combining GIS and predictive
modelling into a new potential palynological GIS application. A methodology is explained that can be exploited
by palynologists to explore their area of research and
capture it in a predictive model, which can be used to make
reconstructions of past and future land-cover distributions
under changing climatic conditions. In the same database,
the palynological data can be implemented to use GIS to
evaluate patterns of land-cover changes based on pollen
counts. Furthermore, this study aims to provide a better
understanding of the dynamics of the savanna distribution
in Colombia, and so allow further insight into future vegetation responses to global climate change.

The questions approached by this study are: (a) Can GIS
and logistic regression be used to model the spatial distribution of the Colombian savanna ecosystem? and (b) Is
data from palynological site studies suitable for implementation into GIS, where it is synthesised for selected
time windows?
In this paper, the employment of GIS is divided into two
different but related applications. The first application is to
construct a predictive model, in which the climatic variables are determined that influence the spatial distribution
of the savanna ecosystem. The statistical model, derived
from logistic regression, is subsequently introduced into a
GIS and re-run to create land-cover maps, which are
compared to the actual land-cover distribution in order to
assess the model accuracy. The second application implements data from pollen records of the Colombian savanna
into GIS to create land-cover maps for the last 10,000
radiocarbon years before present.

2 Setting of the study area
The Colombian savannas are vast plains stretching from
the Guaviare River (an eastern tributary of the Orinoco
River) to the Venezuelan border (Fig. 1). They lie in the
Orinoco Basin and cover approximately 500,000 km2
(Sarmiento 1983). This area of low lying savannas forms a
level plain between 200 and 600 m altitude (Blydenstein
1967). Most of this area is covered with grass, with ribbons
of gallery forests along the creeks and rivers, and patches
of forest scattered on the plains. The typical combination of
an open tree layer and a continuous herbaceous layer is
characteristic of the Colombian savanna, although the
vegetation physiognomy varies across the area from treeless savanna grassland to savanna woodland with up to

Fig. 1 Topography of the study area. Altitude in the study area is
exaggerated compared to true elevation levels outside the study area
(grey colours )
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80% tree cover, and gallery forest (Sarmiento 1984). Rivers are numerous: the main ones are the Meta, Vichada,
Guaviare and Inı́rida rivers, which are tributaries of the
Orinoco River.
The climate in the savannas of the Llanos Orientales is
characterized by a warm and humid climate during the
rainy season from April to November (Mistry 2001). There
is a gradient of higher precipitation towards the Colombian
Amazon region in a southern and southwestern direction,
and lower amounts in the northern part towards the Venezuelan border (Botero 1999). At the same time, the length of
the dry season increases from 2 to 5 months (San José et al.
1998). The small annual temperature amplitude of <3C
contrasts with the daily variation of 10–15C (Blydenstein
1967).
The study area was chosen so that the savanna–tropical
rainforest transition zone would be centred in the defined
region, providing a comparable surface area of savanna and
forest. The Andes forms the western boundary of the study
area, the Orinoco River the eastern limit, and the rivers
Meta and Arauca outline the study area in the north (Fig. 1).

3 Modelling methods
3.1 Logistic regression basics and formula
Logistic regression is a variation of ordinary regression,
which is a method used to determine the impact of independent variables on a dependent variable (Hosmer and
Lemeshow 1989). In binary logistical regression, the
dependent variable is an event occurrence. The observed
outcome is restricted to two values, representing the presence or absence of a specific event. It produces a formula
that predicts the probability of the occurrence as a function
of the independent variables. The attractive aspect of logistic regression is that the impact of multiple variables can
be measured at the same time, the relative importance of
independents can be ranked, and the interaction effects can
be evaluated.
The goal of logistic regression is to find the best fitting
model to describe the relationship between the dichotomous dependent (response) variable and the set of independent (predictor) variables of the training data. A single
formula is built, which calculates the logistic (LP) as a
linear combination of the predictive variables. The inverse
logistic transformation
pðyÞ ¼ expðLPÞ=ð1 þ expðLPÞÞ
is then applied to acquire response values between 0 and 1.
Depending on a chosen threshold probability value,
everything above this threshold indicates one condition of

the binomial outcome (i.e., the presence of savanna), while
everything below equals the other condition of the variable
(i.e., absence of savanna; in this case, the presence of
forest). This threshold is usually chosen at the default value
of [0.5], but this will depend on the aims of the research
project, as it can be more important to predict either the
absence or the presence of any given characteristic. All
these computations were performed in SPSS (Edition 11.0
for Windows). By implementing the formula and the calculated coefficients directly into GIS, probability values are
obtained for every cell of the GIS grid, which results in a
probability map of savanna occurrence.
3.2 Fitting the predictive model
To find the structure in the relationships between variables,
Principal component analysis (PCA) was used. Using a
multi-dimensional coordinate system, it groups the variables with the highest correlation into distinctive components and serves to make a first selection of model
components. Variables can be entered into the logistic
model in the order specified by the researcher, or logistic
regression can test the fit of the model after each variable is
added or deleted, called ‘‘stepwise regression’’ (Hosmer
and Lemeshow 1989). Backward stepwise regression is a
method, where the analysis begins with a full model and
variables are eliminated from the model in an iterative
process (Hosmer and Lemeshow 1989). The fit of the
model is tested after the elimination of each variable to
ensure that the model still adequately fits the data. When no
more variables can be added or removed from the model,
owing to reduced model accuracy, the analysis is then
complete.
3.3 Measures of model evaluation
In ecological modelling literature, the different accuracy
measurements are subject to debate (e.g., Fielding and Bell
1997; Foody 2002; McPherson et al. 2004; Guisan and
Thuiller 2005). Therefore, various methods of accuracy
assessment have been used during the process of selecting
the best model.
The predictive success of binary models can be
described in terms of false positive and false negative
prediction errors. A false positive means that the model
predicted presence when absence of savanna was determined. A false negative means that the model predicted
absence when actually savanna is present. Sensitivity is the
percentage of correctly predicted savanna occurrences to
the total number of savanna pixels. Conversely, specificity
is defined as the proportion of correctly predicted absences
of savanna to the total number of absences. The overall
accuracy is defined as the percentage of correctly predicted
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raster-pixels to the total number of pixels in the area of
interest (Fielding and Bell 1997).
Cohen’s Kappa coefficient is designed to reflect the
models performance in absence and presence simultaneously. This coefficient has been used extensively as an
index to classify accuracy (e.g., Foody 2002), and as an
inter-comparison between models (Manel et al. 2001).
Although the effect of prevalence—the number of occurrences in relation to the number of samples—has been
judged negligible among ecologists (e.g., Fielding and Bell
1997; Manel et al. 2001), Kappa has been criticised due to
its sensitivity towards a variation in prevalence. As we do
not have presumptions about the prevalence in the data set,
we also include an alternative measure for the kappa statistic proposed by Allouche et al. (2006), the so-called True
skill statistic (TSS). This measure is suitable for models
that generate presence–absence predictions. TSS is stated
to compensate for the supposedly shortcomings of the
Kappa coefficient by possessing the same advantages but at
the same time being independent of prevalence (Allouche
et al. 2006). We used different evaluation methods to
decide upon the predictive capacity of the created models.
From a confusion matrix (Table 1) that records the
number of (a) true presence, (b) false presence, (c) false
absence and (d) true absence, all accuracy measures are
calculated (Table 2). To interpret the power of the model
calculated by the Kappa and the TSS measurement, the
classification by Landis and Koch (1977) is used that
proposes that a [0.0–0.19] represents poor agreement, [0.2–
0.39] fair agreement, [0.4–0.59] moderate agreement, [0.6–
0.79] substantial agreement, and a [0.8–1.00] designates an
almost perfect agreement.
3.4 Model validation
Model validation requires checking the model against
independent data to see how well it predicts (Fielding and
Bell 1997). The outcome of the model (logit equation) is
introduced into the GIS to let the model run with the related climate layers as a data source. A map of the
predicted land-cover distribution is the result of this

Table 2 Overview of measures for evaluating the predictive performance of the model calculated from the error matrix
Measure

Formula

Prevalence

aþc
N
a
aþc
d
bþd
aþd
N
ðaþdÞ�½ððaþcÞðaþbÞÞþððbþdÞðcþdÞÞ�=N
N�ððaþcÞðaþbÞðbþdÞðcþdÞÞ=N
ðaxdÞ�ðbxcÞ
ðaþcÞðbþdÞ ¼ Sensitivity þ Specificity

Sensitivity
Specificity
Overall accuracy
Kappa Statistics
TSS

The probability that the model will correctly classify presence of
savanna is indicated by ‘‘sensitivity’’. ‘‘Specificity’’ is the probability
that the model correctly classifies an absence. The rate of correctly
classified cells is specified in the ‘‘overall accuracy’’. The Kappa
coefficient and the true skill statistic (TSS) comprise the effect of
chance in the calculation of the overall accuracy

implementation. This map is subsequently compared to the
actually observed spatial distribution of savanna to evaluate how well the model performs. By subtracting the layers
of the observed and predicted spatial distribution of
savanna from one another in the GIS, the accuracy of the
model can be illustrated, and a differentiation made between false presence and false absence predictions of savanna. According to Manel et al. (2001) ‘‘many users of
ecological models are assuming good performance because
their data fits well statistically and because they can predict
many occurrences correctly’’. But as explained by the same
author, when models are required to predict occurrence by
the use of independent data, the weakness of the model
becomes apparent. Therefore, implementing the logistic
regression outcome into the GIS does not only test an
independent data set for the models predictive capacity, but
also provides insight into the models weaknesses.
3.5 Model assumptions
This section specifies the most important assumptions and
simplifications in the model.
1.

Table 1 The performance of the model is specified in an error matrix
Predicted
distribution

Observed distribution
Presence

Absence

Presence

a

b

Absence

c

d

�1

2.

a, the model correctly predicted the presence of the characteristic
(savanna); b, the false predictions of presence; c means absence was
falsely predicted as presence; and d, the correctly predicted absence
cells. The total of all values (a + b + c + d) are summed in N
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All species have different climatic tolerances and will
respond independently to change (Eeley et al. 1999). In
this study, the focus of attention is on the distribution
of savanna and forest vegetation. Although present-day
plant communities may temporally represent transient
association, in the created model the forest and the
savanna are considered as completely separate units
and stable systems in the present-day situation.
The model includes only climatological and physical
geographical parameters, which are assumed to be the
most important factors influencing the distribution of
the vegetation in the study area. Anthropogenic factors
or fire are not taken into account, although both are
important in the Colombian savanna, and have played

5

3.

4.
5.

a considerable role in the recent past. Nevertheless, in
this model the climatic variables are considered as the
most dominant influence on patterns of plant distribution.
The model is one of an equilibrium state and is
developed on the basis of present day climatic data.
The process of change is not considered, for example
the impact of C3 and C4-dominated vegetation through
time, only representations of the current conditions of
climate and vegetation.
The model is a representation of the present-day climate–vegetation relationship.
Although generally considered an important influence,
soil data are not further considered for this study, because of the interdependency between soil characteristics and land-cover. A study in the Gran Sabana in
Venezuela by Dezzeo et al. (2004) even failed to show
a significant relation between edaphic conditions and
the distribution of savanna and forest.

4 Datasets and maps

Table 3 Units of land-cover according to the IGPB land-cover
classification
Land-cover
Code

Description

1

Evergreen Needleleaf Forest

2

Evergreen broadleaf forest

3

Deciduous Needleleaf forest

4

Deciduous broadleaf forest

5

Mixed forest

6

Closed Shrublands

7

Open Shrublands

8

Woody savannas

9

Savannas

10
11

Grasslands
Permanent wetlands

12

Croplands

13

Urban and Built-up

14

Cropland/natural mosaic

15

Snow and Ice

16

Barren or sparsely vegetated

17

Water bodies

4.1 Land-cover and elevation layers
The land-cover dataset is derived from the global landcover characteristics (GLCC) Data Base Version 2.0
(Loveland et al. 2000a). Advanced very high resolution
radiometer (AVHRR) was used to achieve the high 1-km
resolution (Loveland et al. 2000b). The classification,
known as the international geosphere biosphere program
(IGBP) land-cover classification (Belward 1996), embraces
17 classes of land-cover (Table 3). However, in this study a
binary data set is required, which should comprise of either
savanna or forest. In the GIS, a selection has been made
excluding all redundant land-cover categories, and grouping the forest-, and savanna-categories. The following
classes have been grouped to form the two categories:
[Forest] = 2 + 5 and [Savanna] = 6 – 10. The classes 3,
11–17 are removed from the land-cover layer. In addition
the land-cover data above 500 m altitude has been excluded (owing to the variable environmental conditions).
The forest adjacent to water courses has also been omitted,
since gallery forest occurrence can only be explained by
the presence of water and is therefore not relevant to the
characterisation of the savanna–forest transition zone. The
elevation data (Belward 1996) have a 1-km horizontal
resolution, which matches to that of the land-cover data.
4.2 Climate layers
The monthly values of precipitation, temperature and
potential evapotranspiration form the basis for the climatic

component of the database. Legates and Willmott (1990a,
b) acquired the data of the precipitation and temperature
using traditional land-based gauge measurements and
shipboard estimates spanning the period from 1920 to
1980. The values were then interpolated to a 0.5 lat./long.
grid using an enhanced distance-weighting interpolation
procedure (Legates and Willmott 1990a, b). Ahn and
Tateishi (1994) produced the potential evapotranspiration
data set by applying the Priestley–Taylor formula to a
global data set of air temperature, albedo, cloudiness and
elevation. To provide insight in the seasonality of the
12-month data series, several descriptive calculations were
performed for each cell within the raster and each climate
variable. This resulted in new maps, e.g., a map showing
the minimum/maximum values or the range of values of
each cell. An additional calculation was made for the
precipitation- and potential evapotranspiration values,
namely the sum of the 12-month values (the total precipitation and evapotranspiration over a year). To derive
information about the dry period, we calculated during
which months a water deficit would occur. As potential
evapotranspiration (PET) approaches higher values during
the warmer months of the year, precipitation (PREC) falls
off. By the time evapotranspiration reaches the maximum
values, it has exceeded precipitation. This results in a water
deficiency for the vegetation. In the GIS the precipitationlayers were subtracted from the evapotranspiration-layers
(PET–PREC); any surplus (PET > PREC) in the resulting
layers indicates a water deficiency. To characterise the dry
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period of the year, the degree of dryness (water deficit
categorization) and the duration of water deficiency during
a continuous period of the year (‘‘duration long period’’)
were also calculated in the GIS. To provide a continuous
data set visually comparable to higher resolution variables,
all climate layers were interpolated and smoothed by trend
surface analysis in the GIS. The same points from which
data is extracted for model creation, serve as interpolation
points.

ponent, and the order of importance. Three components
were extracted, which together explain 89.1% of the total
variance (41.7; 29.3; 18.1, respectively). The strongest component consisted of the total water deficit
(PET > PREC), dry period in months (DRY_PER), annual
precipitation (PREC_SUM), water deficit balance (PET–
PREC) and the driest month in a year (PREC_MIN). The
second component was composed of temperature variables
in combination with the total evapotranspiration in mm/
year. The third and weakest component included the range
of the precipitation values (PREC_RNG), the value of the
wettest month (PREC_MAX) and the temperature range
(TEMP_RNG). Based on the backward stepwise regression
methodology, the best model for the logistic predictor was:

4.3 Preparation of the data base: retrieving
the variables
To understand how the variables spatially relate to each
other, all layers were overlaid in the GIS. A GIS layer was
created in which a random point raster was built. For every
point, the underlying data of the variable layers was extracted into a DBF-format document. To investigate the
influence of randomly distributed and evenly allocated
sample points (motivated by a paper by Hirzel and Guisan
2002), a second point layer of evenly spaced grid points
was constructed, and the underlying data was extracted in a
similar way (‘‘regular sampling’’, Hirzel and Guisan
2002). To derive at least 300 data points for both savanna
and forest, the random point raster consisted of a layer of
2000 points scattered out over the area of interest, whereas
the regular sample layer consisted of a square of 18 · 18
data points.
The variables as used for the predictive modelling are
listed in Table 4. The land-cover layer has been converted
to a presence/absence layer of savanna and the outcomes of
the descriptive statistics each form a separate GIS layer.

LP ¼ 0:822 � 0:0162 PET SUM þ 0:585 DRY PER
þ 0:0136 DRY SUM þ 0:00100 PREC SUM
þ 0:0107 PREC MIN þ 0:653 TEMP MAX
� 0:539 TEMP RNG

PET_SUM, total potential evapotranspiration [mm/year];
DRY_PER, duration dry period [months/year]; DRY_SUM, total water deficit [mm/year]; PREC_SUM, total
precipitation [mm/year]; PREC_MIN, precipitation of driest month [mm]; TEMP_MAX, maximum temperature
[�C]; TEMP_RNG, temperature range [�C].
This equation was implemented into the GIS, with the
different data layers as input for the calculation. Subsequently, the application of the inverse logistic transformation (Sect. 3.2) resulted in a layer showing the
probability of savanna occurrence in values ranging from 0
to 1. The actual land-cover distribution in Fig. 2a was
compared to the probability surfaces in Fig. 2c, d, that
show the logistic regression model output of respectively
randomly and evenly distributed points. First the default
[0.5] threshold was used to differentiate between the
presence and absence of savanna (yellow lines in Fig. 2c,
d). However, after comparing the map of the savanna
probability (Fig. 2c, d) to the actual land-cover distribution

5 Logistic regression results and discussion
The results of the factor analysis in which all climatic
variables are included are shown in Table 5. The matrix
shows how significantly variables belong to which com-

Table 4 Overview of all variables implemented into the predictive modelling
Variable

Abb.

Savanna

Data type

Function

Unit

Distribution

Skewness

Kurtosis

Derived layers

Binary (1,0)

Dependent

–

Binomial

–

–

Presence/absence

Elevation

ELEV

Numeric

Independent

Meters

App. normal

0.779

0.292

Elevation, slope, aspect

Precipitation

PREC

Numeric

Independent

mm/m

App. normal

0.313

–0.581

Descriptive statisticsa

Temperature
Potential
evapotranspiration

TEMP
PET

Numeric
Numeric

Independent
Independent

�C/m
mm/m

No normality
Normal

–1.284
0.09

2.139
0.172

Descriptive statisticsa
Descriptive statisticsa

Water deficit

PET > PREC

Numeric

Independent

mm/m

App. normal

–0.412

–0.275

Duration dry period,
annual deficit

a

Descriptive statistics performed on variables: mode, mean, range, variance, maximum, minimum values
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Table 5 Rotated component matrix from PCA, with three explanatory components extracted
Component
1
PET > PREC

0.946

DRY_PER

0.935

PREC_SUM

–0.915

PET–PREC

0.913

PREC_MIN

–0.906

2

TEMP_MN

0.972

TEMP_MED

0.964

TEMP_MIN

0.947

TEMP_MAX

0.916

PET_SUM

0.744

PREC_RNG
PREC_MAX

3

0.965
–0.584

TEMP_RNG

0.769
0.697

(Fig. 2a), it became appealing to increase the 0.5 threshold
to 0.6 (red lines in Fig. 2c, d), which means that the
boundary between savanna and forest ‘‘moves up’’. Figure 2e, f show the difference between the predicted landcover distribution and the observed values at a 0.5
threshold, when samples where taken from random points
(Fig. 2e) and evenly sampled points (Fig. 2f). When the
threshold of 0.5 was changed to 0.6, the predicted landcover (Fig. 2e) for the random sampling changed (Fig. 2g).
Figure 2h shows the outcome of the 0.6 threshold for
regular sampling. The accuracy measurements derived
from both the threshold values are shown in Table 6.
5.1 Predictive variables in model
The variables indicated by the predictive model as determinants of the savanna distribution, correspond to earlier
publications (Sarmiento 1983; San Jose et al. 1998; Rippstein et al. 2001; Hooghiemstra et al. 2002).
The components of the factor analysis assemble the
variables, which are closely correlated to each other. The
first component consists of just the precipitation and water
deficit variables. It explained 41.7% of the total variance
found in the data base, indicating a strong influence of the
precipitation gradient and the dry period in the study area.
The second component, composed of temperature related
variables and the potential evapotranspiration, explained
29.3% of the total variance. The inclusion of potential
evapotranspiration in this component made sense as high
air temperatures generally increase the loss of moisture
from soil and plants. The third component explained only
18% of the total variance, but was still considered important enough to include in the logistic regression formula.

In the logistic regression, the important predictors of
savanna distribution were the same key variables as before:
the precipitation and water deficit variable were best represented in the predictive model.
Temperature plays an important role as predictor variable in the form of the warmest month value, and also more
surprisingly, as the annual temperature range. The area of
the Colombian savanna has a small amplitude of annual
temperature change which should not influence the vegetation distribution significantly (Rippstein et al. 2001).
However, in logistic regression the variables are combined
to achieve a certain degree of predictive accuracy, i.e.,
variables form a model when in combination, not individually. The temperature range value may indeed be
considered as a relevant predictor variable, because it is
related to the precipitation or evapotranspiration values.
The temperature variable when considered separately does
not play a significant part in the predictive capacity of the
model. However, when included in the logistic regression
model, it increased the overall accuracy of the predictions.
5.2 Model evaluation: overall accuracy, sensitivity
and specificity
When the logistic regression procedure was completed
within the statistical programming, the model generated an
overall accuracy of 80.7%, for the random sampling
method at the 0.5 threshold. Based on only this statistical
outcome, it could be concluded that this model is a sufficiently accurate representation of the real land-cover distribution. According to Manel et al. (2001), about 36% of
the users of presence–absence models in ecological publications during the period of 1989–1999 confined their
model evaluation to this general prediction success value,
while many more did not carry out any evaluation (55%).
In our study we also used the Kappa’s coefficient and the
TSS to evaluate the models performance. By running the
logistic model in the GIS, the different patterns of the
predicted and the actual land-cover distribution could be
better understood.
Based on the general accuracy measurements—overall
accuracy, sensitivity and specificity—all created models
achieved an acceptable predictive power with an overall
accuracy range of 81–86%. The deviating values of sensitivity and specificity are noticeable, where there exists a
certain trade-off of predictive capability in achieving a
higher overall accuracy. In the random sampling method,
the threshold of 0.6 reaches a higher overall accuracy
(84.5%) than the 0.5 cut-point (80.7%). This can be explained by the shifting of the savanna-boundary further
north in Fig. 2c (the savanna boundary shifts from the
yellow to red line), which resulted in a larger area correctly
predicted as forest, with an increase in specificity (Table 6,
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Fig. 2 Study area and
outcomes of predicted landcover distribution by logistic
model: a South-America
indicating the location of the
study area and the actual landcover distribution, green is
forest and yellow is savanna;
b location of the Colombian
savanna biome between the
Andes and the Guyana Shield
(03–07N, 68–71W);
c probability map of savanna
occurrence based on random
data sampling; d Probability
map of savanna occurrence
based on regular sampling.
Yellow lines indicate the 0.5
threshold, red lines delineate the
0.6 cut-point; e–h Differences
between observed land-cover
distribution and model
prediction; e based on random
sampling at 0.5 threshold;
f random sampling at 0.6
threshold; g regular sampling at
0.5 threshold; h regular
sampling at 0.6 threshold. The
letters correspond to the letters
of Table 1: (a) indicates
correctly predicted savanna
[Dark yellow]; and (b)
represents where the model
falsely predicted savanna
[Bright green]; (c) indicates
correctly predicted forest [Dark
green]; while (d) shows where
the model failed to predict
savanna [Red]. The statistical
accuracy of these outcomes is
detailed in Table 6

5

81.0–91.7%). However, the trade-off exists in the decrease
of the sensitivity which fell from a 80.0 to 70.9% correctly
predicted savanna area. When the aim is to create a model
Table 6 Predictive accuracy of the created models (using either a
random or a regular sampling method, and setting the threshold at a
0.5 and a 0.6 cut-point)
Random sampling
distribution

Regular sampling
distribution

Threshold value

0.5

0.6

0.5

0.6

Prevalence (%)

34.7

34.5

34.5

34.9

Overall accuracy (%)

80.7

84.5

81.7

85.7

Sensitivity (%)

80.0

70.9

90.4

79.0

Specificity (%)

81.0

91.7

77.0

89.3

Kappa

0.588

0.647

0.624

0.685

TSS

0.610

0.626

0.674

0.683

Simple accuracy measures have been expressed as percentages

representing the savanna distribution, the power to predict
the occurrence of savanna (sensitivity) is evidently thought
to be of more value than to predict its absence (the specificity). In the regular sampling methodology, the evaluation
of the different accuracy measurements is clearly important. At a 0.5 threshold, the overall accuracy is at a good
predictive capacity of 81.7% of the cases. However, when
considering the large area that the model included within
the 0.5 threshold for savanna, it is surprising that the model
performed well in predicting savanna presence (90.4%).
When random sampling and regular sampling were
compared (Table 6), the values of Kappa and TSS are both
higher for regular sampling. Regular sampling on a raster
of 18 by 18 grid points therefore gives more robust results
than random sampling, despite the fact that less points were
used (324 data points as opposed to 2,000 points used for
the random sampling). The model that seems to fit all
requirements is the regular sampled model at a 0.6 cut-
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point (Fig. 2h). The overall accuracy is highest, predicting
85.7% of the cases correctly, while both Kappa and TSS
values range up to a value of 0.68, which is stated to be
within ‘‘substantial agreement’’ (Landis and Koch 1977).
In both sampling methods the Kappa and TSS values show
an increase of the models agreement with the true distribution land-cover, when changed from a 0.5 to 0.6
threshold.
When
When comparing
comparing all models in Fig. 2, the random
sampling resulted in more smoothed outcomes, while the
evenly distributed samples yielded more irregular shapes.
Taking into account that the original climate database has a
resolution of 0.5 (55 km), from which it was interpolated
into more detailed climatic patterns, the regular distribution
of points resulted in some unrealistic variation. However,
the regular sampling still provided more powerful predictive
which concurs
concurs with
with the
the findings
findings of
of Hirzel
Hirzel and
and
tive models,
models, which
Guisan
(2002),
who
showed
that
systematic
sampling
Guisan (2002), who showed that systematic sampling is
is
more
random sampling
sampling strategies.
strategies.
more accurate
accurate and
and robust
robust than
than random
5.3 False prediction of absence (forest)
The red areas in Fig. 2e indicate that the model predicted
an absence of savanna at 7.9% of the total area of interest,
when actually the savanna is present. This suggests that
according to the model, this specific area differs markedly
from the savanna region northward, due to differences in
climatic conditions. Figure 3 shows an evaluation of the
data in the GIS, showed for one climatic variable, the total
annual precipitation, a diverging distribution. The encircled
area shows precipitation values up to 3,800 mm/year,
which compares to the values at the south eastern precipitation front—rainforest-area of the shown map (Fig. 3,
pointer). To consider the possibility that these interpolations overestimated the precipitation values, the precipitation maps of the Geographic Institute Agustin Codazzi
(IGAC) were consulted. Focusing on high precipitation
areas in the Colombian savanna, similar high rates were
found in the corresponding region with values ranging from
4,000 to 5,000 mm per year (IGAC 2002) and as early as
1967, Blydenstein observed that in the Llanos Orientales
‘‘total annual rainfall ranged between 1,700 and 2,000 mm,
increasing sharply near the base of the mountains to over
4,000 mm at Villavicencio’’ (Blydenstein 1967). It is
therefore possible that in this region with steep precipitation gradients and few meteorological stations, the high
precipitation rates at Villavicencio have been extrapolated
over a region that is too large in area. Comparison of our
precipitation map with Latorre (1977) supports this
hypothesis.
By simulating the world’s distribution of ecosystems in
the absence of fire, Bond et al. (2005) discovered that large
areas in South America are dominated by grasslands and

Fig. 3 Distribution of total annual precipitation

savannas, when the climatic conditions could support
woodlands and forests. Although confined to a very coarse
resolution, as the simulations are set for a global scale, it
becomes evident from the reconstructed maps that forest
and woodlands would replace large areas of the Colombian
savanna in the absence of frequent burns. This partly explains the model’s ‘‘inaccuracy’’ of predicting forest, when
the current land-cover is savanna.
5.4 False prediction of presence (savanna)
The bright green area in Fig. 2e indicates that the model
predicted presence of savanna for 14.1% of the total area of
interest, when actually savanna is absent. This suggests that
the model identified this specific area as dissimilar to the
forest-region southward owing to the differences in climatic conditions.
An evaluation of the data in the GIS, showed that the
area of false presence resembles the spatial limits of the
total annual water deficit. In Fig. 4, ‘‘water deficit’’
(PET > PREC) is shown, with the yellow line indicating
the boundary of savanna distribution according to the
model. The southern border of the false prediction area
appears to be strongly related to the isolines of the water
deficit. The layer of the duration of the dry period (not
shown here) has similarly situated isolines, indicating a
strong influence of the degree of dryness.
5.5 Best fit model and possible improvements
Owing to the general increase of the model-accuracy, the
0.6 cut point is preferred for the predictive model. The
85.7% overall accuracy of this model is considered as an
acceptable performance. Nevertheless, the inaccuracy of
the model is greatest, not surprisingly, in the zone where
the transition of forest to savanna takes place. This tran-
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of GIS is demonstrated, showing that the spatial patterns of
the models are directly comparable to the true land-cover
patterns. Not only can the interpretation of the pattern of
errors contribute to an improvement of the model, but can
aid the understanding of the responsiveness of land-cover
to different environmental conditions, and therefore to the
system as a whole.

6 Palynological GIS application

Fig. 4 Distribution of the annual water deficit layer (mm), with
delineation of the 0.5 threshold by the yellow line and the 0.6 in red

sition zone is of considerable relevance to this study as it is
the focus of attention of palynological research, as most of
the pollen sites are located in this zone. Although the
model performs well, the characterisation of the transition
zone model therefore remains difficult.
Several factors may have influenced the predictive
performance of the model. The first factor is within the
model itself: the absence of one (or more) explanatory
variable(s), which could increase the ability to differentiate
between savanna presence and absence—a general goal to
improve the accuracy of the model, in particular, the effect
of fire. To further develop the model, consisting only of
climate variables, the introduction of a more complex form
of logistic regression modelling with more discriminant
components may be useful.
The second factor is the precision of the data. The readily
available surface layers of the climatic variables were
interpolated from local measurements at meteorological
stations to produce maps. However, if there is a lack of
evenly distributed stations, especially in areas with strong
gradients, the interpolation is inaccurate. The created datasets still depend greatly on the expert knowledge of the area
to correct erroneous interpolation values. Furthermore, the
model assumes the vegetation is in pseudo-equilibrium with
its environment. Nonetheless, this area of vegetation could
well be in a phase of shifting towards a new equilibrium
after an environmental change. Part of the deficiency in the
model’s predictive capacity may actually be adequately
explained by ecological theory and historical events, if the
temporal and stochastic dimensions of population dynamics
are taken into account (Guisan and Thuiller 2005).
By implementing the logistic regression model into GIS,
the weaknesses of the model have become evident. It is in
this part of the ecological modelling process that the utility

Fossil pollen spectra are translated into palaeo-environmental and palaeo-climatological conditions following the
papers by, e.g., Behling and Hooghiemstra (1998, 1999).
Berrio et al. (2000) discuss how pollen from savanna
vegetation may be over/under represented in the pollen
record. In previous studies pollen data of the study area
were assessed in the vegetation model Biome-3 (Marchant
et al. 2004, 2006). In this study, pollen data of the savannas
of the Colombian Llanos Orientales were introduced into
the GIS through pollen percentages implementation and
interpolation methods, to evaluate the application of palynological data in GIS. An assessment is made of the suitability of the pollen data for a GIS analysis, in which both
limitations of the present approach and recommendations
for future work are discussed.
6.1 Pollen sites and time series
The ten pollen records available in our study area are
positioned in an east to west transect as can be seen in
Fig. 5. Site-specific data are listed in Table 7. The transect
covers a distance of approximately 480 km. The data of the
pollen records are organized in pollen diagrams, which
display the percentages of pollen taxa found. The pollen
taxa are classified into the following ecological groups,
according to Behling and Hooghiemstra (1999, 2000): (1)
trees of forest and gallery forest; (2) shrubs and trees of
savannas; (3) savanna herbs; (4) aquatics; (5) ferns. In
order to make a dichotomous land-cover layer (savanna/
forest) in the GIS, all ecological groups, which are considered as representative for savanna vegetation (groups 2
and 3), are grouped together. Forest vegetation is based on
the pollen from group 1. The data from the aquatics and
ferns are not taken into account.
To
To obtain
obtain a reconstruction of temporal land-cover
changes, pollen spectra at successive time slices have been
compared. The time slices of interest were selected based
on the amount of available data and the degree of change
compared with earlier time slices to make meaningful
temporal intervals (Fig. 6). To be able to use the interpolation tool of the GIS—Geostatistical Analyst, more than
nine points are required (ESRI 2001). The age ranges of the
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less sites. To overcome this problem of point interpolation,
more data points were added in the far north and south of
the area of interest, which were assumed to have 90 and 0%
pollen of savanna taxa, respectively (Table 7). The pollen
sites in the north correspond to places where lakes have
been cored, but where the cores did not contain enough
pollen to construct a reliable time series. The presence of
gallery forest in a savanna area explains why the proportion
of savanna taxa never reaches values close to 100% (e.g.,
Berrio et al. 2000), and a lower value reflects the savanna–
forest transition.
Furthermore, to facilitate extrapolation outside the
geographical area of the pollen sites, four extra outlier
points were created to enlarge the area covered by the
interpolations (Table 7c). These additional data points
were set at 0% savanna pollen, given the fact that these
additional points are complementary to the palynological
pollen sites and are located far outside the savanna area.
Solving the problem of insufficient point data also gives
a useful trend direction to the interpolated surface, i.e., a

Fig. 5 Location of pollen sites. The numbers are according to
Table 7. Green reflects forest and yellow reflects savanna

available pollen records of the Colombian savanna are
shown in Fig. 7. The chart shows already that interpolation-attempts are not useful for time slices older than 8,000
14
C year BP, because they include data from only four or

Table 7 Site-specific data of the pollen records used in this study
a.

Name of
Pollen site

Coordinates

Elevation
m.a.s.l.

Age range
(14C year BP)

14

References

1

Mozambique

3�58¢N,73�03¢W

175

0–3,450

7

Berrio et al. (2002)

2

Agua Sucia

3�35¢N,73�31¢W

300

0–5,500

4

Wijmstra and Van der Hammen (1966)

3

Las Margaritas

3�23¢N,73�26¢W

290

850–9,760

9

Wille et al. (2003)

4

Loma Linda

3�18¢N,73�23¢W

310

0–8,720

8

Behling and Hooghiemstra (2000)

5

4�28¢N,70�34¢W

200

2,000–10,030

5

Behling and Hooghiemstra (1998)

6

El Angel
El Piñal
Pin˜al

4�08¢N,71�23¢W

180

0–18,000

6

Behling and Hooghiemstra (1999)

7

Chenevo

4�05¢N,70�21¢W

150

0–7,260

6

Berrio et al. (2002)

8

Carimagua

4�04¢N,70�14¢W

180

0–8,270

6

Behling and Hooghiemstra (1999)

8

Carimagua-Bosque

4�04¢N,70�13¢W

180

0–1,300

9

Berrio et al. (2000)

9

Sardinas

4�58¢N,69�28¢W

180

0–11,600

6

Behling and Hooghiemstra (1998)

C No.

b.

Name of
extra point

Coordinates

Extra point

Pollen %

References

1

Caño La Mata

6�90¢N,70�45¢W

North

90

Hooghiemstra, personal info

2

La Maporita

6�93¢N,70�47¢W

North

90

Hooghiemstra, personal info

3

Grimonero

7�03¢N,72�00¢W

North

90

Hooghiemstra, personal info

4

Las Tres Marias

6�98¢N,70�58¢W

North

90

Hooghiemstra, personal info

5

La Porfira

6�92¢N,70�50¢W

North

90

Hooghiemstra, personal info

6

La Viga-Porfira

6�95¢N,70�48¢W

North

90

Hooghiemstra, personal info

7

Pantano de Monica

0�42¢S,72�04¢W

South

0

Behling et al. (1999)

c.

Outliers points

1

North-east corner

7�05¢N,66�50¢W

2

North-west corner

7�05¢N,75�00¢W

3

South-east corner

1�50¢S,66�50¢W

4

South-west corner

1�50¢S,75�00¢W
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Fig. 6 Steps to create a time
series of a variable: a attribute
change; b change over time; c
shape change

Fig. 7 Age ranges (14C year
BP) of the pollen records used
in this study

high probability of savanna in the north compared to a low
probability in the south and periphery of the study area.
6.2 Incorporating the pollen data into the GIS
The pollen percentages of the sites come from the original
Excel files on which the original pollen diagrams were
based. Pollen percentages per site and per sample have
been inserted into dbf-format documents, which form the
basis of datasets for selected time slices. The data of a time
slice were interpolated to form maps of savanna pollen
percentages, which are indicative of the land-cover distribution.
6.3 Interpolation methods
Choosing a proper interpolation method depends on the
specific database. Some methods demand hardly any
specifications, while others, like co-kriging, require an
experienced GIS practitioner. There have been a number of
comparisons of interpolation methods enabling the creation
of guidelines for researchers to choose the best interpolation method. This issue is out of the focus of this paper.
The usefulness of any interpolation method depends on the
characteristics of the data set. However, we aim to evaluate
how the distribution of pollen sites affects the capacity to
make interpretations of the complete area.
AA variety
variety of interpolation techniques are available,
which all have their own characteristics (Erdogan et al.
2005). In this study, two different interpolation methods
were used, (1) Local Polynomial: this is a quick deter-

ministic extrapolator that is smooth and therefore less
exact. Few decisions are required to make the interpolation. There is no assessment of prediction errors, and there
are no assumptions required of the data. (2) Radial Basis
Functions: this technique is used for creating surfaces
from measured points based on the degree of smoothing.
The surface must go through each measured point location. It is a moderately quick deterministic interpolation
technique, which is more robust and thus more exact than
Local Polynomial. However there are more parameter
decisions, which allow a variety of map outputs. This
flexibility of the different applications within the interpolation functions requires decision-making. There is no
assessment of prediction errors and no assumptions about
the data. There are five different Radial Basis functions,
from which the ‘‘multiquadratic function’’ is considered
the best (Erdogan et al. 2005), and therefore used in this
study.
These interpolation methods are applied using the
Geostatistical Analyst (ESRI 2001) within ArcGIS. In the
Local Polynomial interpolation, a power of two is used and
the weight distance optimised. Interpolated values less than
zero were omitted from the analysis.

7 Results and discussion
The layers created by the Local Polynomial interpolation
method are shown in Fig. 8. The selected interpolation
method resulted in general delineations of pollen percentages. From Berrio et al. (2000), we estimated the boundary
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between forest and savanna at approximately 40% savanna
pollen. This was taking into account the over-representation of arboreal pollen owing to: (1) the amount of pollen
produced by trees; (2) the lakes cored were sometimes
fringed by trees, even in savanna conditions. This boundary
is indicated by the black line in Fig. 8. Although these
maps should be interpreted cautiously as they are constructed from a few points, several trends are obvious.
Circa 8,000 years ago the savanna covered a greater area.
After this period, the savanna retreated, reaching a minimum coverage at ca. 3,000 year BP. The savanna then
extended, and ca. 1,000 year BP the savanna–forest
boundary seemed to change to a more southeast–northwest
orientation that can still be observed today (Fig. 2a). The
strip of forest at the foot of the Andes, resulting from
orographic rainfall, is not represented in these interpolated
maps, as no cores from that area have yet been taken.
The Local Polynomial method (Fig. 8) is a very general
extrapolator, which connects the points of similar values.
The alternative Radial Basis Functions interpolation
method (Fig. 9) demands more parameter decisions. This
method requires repetitive runs to adjust the selected
parameters to the outcomes. If not, the interpolated maps
show unrealistic distribution of pollen percentages. However, a continuous adjustment of the outcome to meet the
expected distribution of land-cover seems arbitrary and
subjective. Selecting a proper method requires a trial-anderror application to see which method is suitable for each
dataset. The GIS offers several different interpolation

methods that demand specifications of the distribution or
number of data points.
The pollen dataset used in this study exhibits several
limitations. The orientation of the transect of sites follows a
west to east direction, when in the past the savanna–forest
transition zone mainly had shifted in a north to south
direction. Interpretation of the pollen graphs only allows
conclusions to be made about relative changes instead of
the desired geographic extent of the vegetation. Pollen sites
distributed more evenly over the study area would allow an
effective interpolation. A transect of data points only results in a 1D representation of the data (e.g., north–south),
as the points give information about the local circumstances and the degree of change along the line of interpolated points. A large area will be subject to
extrapolations with a higher uncertainty due to missing
reference points. When the setting of the landscape remains
constant over the length of a transect, the interpolation of
the point data will be limited. The influx of pollen from
edaphically determined gallery forest along the rivers in the
savanna area caused another bias. Climatic conditions
´o et al. (2000),
Berrı́o
could not sustain forest. According to Berrı
the pollen signal of savanna is under-represented in lake
sediments when the lake is totally surrounded by gallery
forest. Once interpolated pollen maps have been satisfactorily produced, it remains to be decided on which percentage margin a differentiation is made between savanna
and forest. Based on the influences of gallery forest, one
could easily underestimate the presence of savanna. An

Fig. 8 Interpolated pollen
percentages of taxa reflecting
savanna vegetation based on
Local Polynomial Interpolation
method. The interpolated area
corresponds to the area
delineated in Fig. 2b. Selected
time slices range from 1,000 to
8,000 14C year BP.
(Interpolation specification:
power = 2, Ideal weight
distance activated). The black
line indicates the estimate for
the savanna–forest boundary
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Fig. 9 Maps of interpolated
pollen percentages of taxa
reflecting savanna vegetation
based on Radial Based
Functions interpolation method.
The interpolated area
corresponds to the area
delineated in Fig. 2b. Selected
time slices range from 1,000 to
4,000 14C year BP

appropriate data set of modern pollen rain data is therefore
necessary. Based on the pollen dataset used in this study,
the transition zone between savanna and forest is cannot be
accurately located.

8 Conclusions: GIS, statistics and palynology
The combination of GIS and logistic regression used in this
study is a novel approach to modelling the spatial distribution of savanna vegetation and the incorporation of
palynological data into GIS. Logistic regression has been
chosen since the relationship between species distribution
and predictor environmental variables is made obvious.
The model resulting from the logistic regression, is run in a
GIS, giving a visual representation of the predictive
capacity of the model, outlining limitations, and so facilitating the improvement of the model.
To further improve the performance of the model, the
logistic regression procedure as well as the data set can be
developed further. The introduction of a more complex
form of logistic regression modelling with more discriminant components (not only climate) may result in a higher
precision of predictions. In addition to improving the resolution of the data set, it would be functional to add one (or
more) explanatory variable(s) to the model, which were not
considered in this study, such as the effect of fire. This
would most probably increase the capacity of the model to
differentiate between presence and absence of savanna
vegetation. Other interesting modifications in the model
would be the incorporation of inter-species competition
effects, migration processes, and the effects of human
disturbance. The incorporation of these factors would
provide greater insight in the dynamic interface of savanna
and forest.

When the model is considered to adequately represent
the vegetation distribution, the model can be further employed to improve the interpretation pollen database. As
subsequent step the manipulation of one or more climatic
variable(s) by increasing or decreasing the overall climatic
values with a certain percentage is proposed. The logistic
model should then be re-run and introduced into the GIS
according to the same methodology. The degree of vegetation change compared to the relative change of a climatic
variable can then be defined and compared with the relative
changes seen in the pollen data of the area of interest, to
understand the response of the vegetation to changing
environmental conditions in both past and future context.
To use this model to reconstruct past and future vegetation distributions, the effect of fluctuating atmospheric
pCO2 levels on the vegetation must be taken into account.
As plant species are affected differently by variations in
pCO2 levels, this climatic component has contributed to the
plant distribution in the past (Boom et al. 2002).
A number of recommendations for future modelling
work stem from the results of this study: more complex
forms of logistic regression modelling should be explored;
more advanced interpolation methods should be implemented; one or more predictor variables, such as fire frequency, biotic interaction, and human disturbance should
be implemented. Locations of pollen sites should be more
evenly distributed over the study area to aid the understanding of the geographical migration of land cover
boundaries in space and time, with the help of interpolation
methods in GIS.
We conclude that analysis of pollen data in GIS offers
new possibilities to evaluate multi-site data. A regional
synthesis is not merely descriptive or embedded in a vegetation model (Biome-3) but the impact of particular climatic
variables and their geographical gradients can be assessed,
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while also sensitivity experiments may be carried out with
the dataset.
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CO2- and temperature-controlled altitudinal shifts of C4- and C3dominated grasslands allow reconstruction of palaeoatmospheric
pCO2. Palaeogeogr Palaeoclimatol Palaeoecol 177:151–168
Botero P (1999) Paisajes fisiograficos de Orinoquia-Amazonia
(ORAM) Colombia. Análisis Geográficos 27–28:361 + maps.
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Jago LCF, Boyd WE (2003) A GIS atlas of the fossil pollen and
modern records of Ficus and related species for Island Southeast
Asia, Australia and the Western Pacific. Aust Geogr Stud 41:58–
72
Landis JR, Koch GG (1977) The measurement of observer agreement
for categorical data. Biometrics 33:159–174
Latorre EA (1977) Atlas de Colombia. Institutio Geografico ‘‘Augustin Codazzi’’, Bogotá, p 283
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PREFACE
This chapter has been published as follows:
Flantua, S.G.A., Hooghiemstra, H., Van Boxel, J.H., Cabrera, M., González-Carranza, Z.,
González-Arango, C. (2014). Connectivity dynamics since the Last Glacial Maximum in the
Northern Andes: a pollen-driven framework to assess potential migration. Monographs in
Systematic Botany from the Missouri Botanical Garden, 128, 98-123. In: W.D. Stevens, O.M.
Montiel & P.H. Raven (Eds.), Paleobotany and biogeography: a Festschrift for Alan Graham
in his 80th year. St. Louis: Missouri Botanical Garden Press.
In the previous chapter, I showed that using GIS for paleoecological reconstructions offers
new possibilities to evaluate multi-site pollen data. I aimed to track the shifting boundary
between savannas and forests, showing its spatial displacement during the past 8000 years.
To be able to create spatially continuous land cover reconstructions, different interpolation
methods are available with a set of requirements. Implementing and comparing these
methods provided additional insights into the challenges and possible limitations of pollen
sites for interpolations. Different to the previous Chapter 5 that performed spatial
reconstructions based on pollen records in the lowlands, this Chapter 6 uses data from a
high elevation record in the Colombian Andes.

As a consequence of changing climate conditions, distributions of species and biomes
continuously shifted along the elevational gradient and, as a result, their habitat surface
area increased and decreased in a spatially diverse manner. Here I estimate the
implications of changing distributions of mountain biomes on surface availability and
habitat connectivity. Through this assessment, I take the first step in addressing the
following research question: ‘How do the landscape features in mountains influence the
distribution of plant associations under different climate conditions?’
A high resolution pollen record, Lake La-Cocha-1, is selected from the southern Colombian
Andes (González-Carranza et al., 2012) to create such paleo-reconstructions. From this
pollen record (and additional literature), I identified that the upper forest line was located
much of the time around 3550 m, 2800 m, 2400 m, 2000 m above sea level. For these time
windows biome distributions are mapped and for each biome their surface area is
calculated. Surface areas are calculated as a flat area (2D) and also taking into account the
topography (3D). Second, the influence of the topography on the páramo biome is discussed
by calculating the potential connectivity along the elevation gradient. The overview figure
of the main pollen diagram of Lake La Cocha is plotted against the upper forest line
position, different rates of change indices and the connectivity estimates to provide insights
into the interplay between vegetation shifts and the Andean topography.
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MAXIMUM IN THE NORTHERN ANDES: A POLLEN-DRIVEN
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Cabrera,
Hooghiemstra, John
Zaire González-Carranza, and Catalina González-Arango

ABSTRACT
We provide an innovative pollen-driven connectivity framework of the dynamic altitudinal
distribution of North Andean biomes since the Last Glacial Maximum (LGM). Altitudinally
changing biome distributions reconstructed from a pollen record from Lake La Cocha (2780 m)
are assessed in terms of their changing surface and connectivity within the study area. The upper
forest line (UFL) ecotone lodged during much of the time around 2000 m (LGM), 2400 m (ca.
14–8 ka), 2800 m (ca. 8–3 ka), and 3550–3600 m (modern time). This resulted in a four-fold
increase of the area covered by mountain forest (Andean and sub-Andean), a decrease of 96% of
páramo, and a disappearance of permanent snow. Upslope migration of the UFL of 20 vertical m
yr–1 and more, as inferred from the pollen record, was spatially assessed: reduced surface area,
dispersal limitation, reduced connectivity, and extirpation of the subpáramo biome during a few
centuries is shown. The study area includes abundant higher mid-range altitudes (2600–3400 m),
with a steep reduction of available surface area and increased dispersal distance in the high and low
altitudes. In this range, each 100-m altitudinal rise of the UFL results in 20%–60% reduction of
the surface area available for páramo and connectivity. The critical elevations where large biome
surfaces start to disconnect depend on the elevation of lowest thresholds in the landscape and the
elevation of summits. The 2500–3600 m elevation range is most dynamic in terms of geography
and ecological species sorting; the 1000–1500 m interval is relatively stable and is permanently
covered by Andean forest, making this interval less sensitive for monitoring climate change. When
forests migrate to higher elevations, distribution nuclei of species are compressed, resulting temporarily in a higher species diversity. The species dissimilarity coefficient reflects rate of (ecological)
change more adequately than the rate of palynological turnover, because the latter is much influenced by the lengths of the time steps between the pollen samples. Spatial analysis of site-specific
dynamics provides exciting new insights into past vegetation dynamics, with potential for better
understanding species-area distributions, distribution patterns of biodiversity, and conservation of
mountain ecosystems.
*Author for correspondence: H.Hooghiemstra@uva.nl
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Landscape connectivity is considered a key issue
for the maintenance of natural ecosystem stability and integrity (Saunders et al., 1991; Taylor
et al., 1993; Collinge, 1998; With & King,
1999). The ability of species to survive is reduced
by habitat loss, as well as by fragmentation of
patches, since disconnections prevent recolonization (Fahrig, 2003; Foley et al., 2005). Therefore,
the total available surface of a biome and its landscape connectivity are relevant to understanding
the pressure on populations and species, i.e., survival of the gene pool.
Altitudinally shifting boundaries of montane
biomes intrinsically mean changing degrees of connectivity (Ramírez-Barahona & Eguiarte, 2013).
The present altitudinal distribution of biomes in
the northern Andes is a “frozen” moment after a
long series of Pleistocene changes, mainly driven
by climate change (Bogotá-Angel et al., 2011;
Torres et al., 2013). In the northern Andes biome
responses to climate change have been captured in
the dense network of palynologically studied sediment cores (e.g., Marchant et al., 2009; Grimm
et al., 2013). In pollen-based studies of past vegetation change, pollen taxa are classified into ecologically meaningful groups, reflecting main biomes. Then, past altitudinally changing ranges of
biomes are inferred from changing proportions
of these ecological groups in the pollen spectra.
Hooghiemstra and Van der Hammen (2004) compared altitudinal biome distributions of the Last
Glacial Maximum (LGM) in the Colombian
Andes with the present day and provided first
estimates of surface variability of the biomes
through time. However, distributional dynamics of
shifting biome boundaries in montane regions in
terms of available habitat surface and landscape
connectivity have not been addressed so far.
The landscape relief poses restrictions on habitat availability, connectivity, and dispersal patterns.
Certain biomes and species are ecologically lim- 157 -

ited to the highest mountain ranges, such as the
páramo vegetation in the northern Andes (Van
der Hammen & Cleef, 1986; Luteyn, 1999). The
importance of understanding species dispersal in
relation to landscape connectivity was recently
stressed by several fine-resolution pollen records,
showing very fast upslope shifts of ecotones, such
as the upper forest line (UFL), for example, in the
Colombian pollen records of Lake Fúquene at
2540 m (Groot et al., 2011, 2013), Lake La Cocha
at 2780 m (González-Carranza et al., 2012), and
in the pollen record of Llano Grande at 3460 m
(Velásquez-Ruiz & Hooghiemstra, 2013). These
records showed that forest may shift significantly
faster upslope than subpáramo shrub, resulting in
a temporary loss of the overruled biome. In such
cases, a high connectivity, with areas where isolated populations were conserved, is crucial for
a rapid return of the extirpated biome (Pearson,
2006). These dynamic patterns can be better understood by analyzing biome and species distributions in a landscape perspective.
The objective of this study is to assess changes
in connectivity of altitudinally distributed biomes
in the northern Andes in terms of biome surface
and migration potential. We make the step from
a single-site view on the altitudinal distribution
of biomes to a spatially integrated view of biome
connectivity. Our analysis is driven by past environmental conditions inferred from pollen record
La Cocha-1 (González-Carranza et al., 2012).
We selected an area including the lake and showing the full elevational range from Amazonian
lowland to the nearest mountaintops. Our connectivity assessment is focused in particular on
the effect of the altitudinally shifting UFL on the
habitat surface area and the connectivity of páramo
biome patches. Results of this case study improve
our understanding of how biomes in montane
regions of the northern Andes respond to climate
change in surface and connectivity. Implications
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for scenarios of potential future developments are
discussed.
SETTINGS OF THE STUDY AREA
CURRENT CONDITIONS
AND LANDSCAPE
The selected study area is located in the Guamuez basin in the Eastern Cordillera of Colombia and covers a total area of 7559 km2 (Fig. 1).
The study area is found between 0°45′N and
1°30′N and between 76°44′W and 77°33′W,
and elevations range from 300 to 4207 m.s.m.
Toward the east the basin faces the Amazonian
lowlands. Precipitation in the study area originates
mainly from the Atlantic Ocean, and amounts
are influenced by changes in the intensity of
trans-Amazonian moisture transport (Gan et al.,
2004). The typical wind patterns of this region
are dominated by the trade winds blowing from
the northeast, leading to enhanced precipitation
on the eastern flank of the Andes. Mean annual
precipitation (MAP) near Lake La Cocha is 1400
mm (Van Boxel et al., 2013), with values between 1300 and 2000 mm for most of the study
area (Hernandez et al., 2004). Most precipitation
falls between April and August, and it is lowest
in December. Toward the west, dry inter-Andean
high plains lie in the rain shadow and have a MAP

of 700–1400 mm. Lake La Cocha (1°05′N,
77°09′W) is located at an elevation of 2780
m.s.m. and is directly surrounded by steep slopes
that reach up to 3600 m. At the elevation of the
lake (2780 m), the mean annual temperature
(MAT) is 11.6°C (Wetlands International, 2007),
which is ca. 1.5°C less than expected in relation
to its elevation (Van Boxel et al., 2013). With a
surface of 41 km2, Lake La Cocha is one of the
largest lakes in the northern Andes.
MODERN VEGETATION
The altitudinal vegetation distribution of the
northern Andes was studied by Van der Hammen (1974), Cleef and Hooghiemstra (1984), and
Van der Hammen and Cleef (1986) (Table 1),
among others. For the vegetation around Lake
La Cocha we refer to González-Carranza et al.
(2012), and here we present a general characterization appropriate to the aims of this study. The
lake is surrounded by reed swamp. The lower parts
of the slopes, once forested, are now covered by
agricultural fields and pasture. Under natural
conditions the slopes are covered up to 3550 m
by Andean forest. Above this ecotone, reflecting
the UFL, open páramo vegetation reaches to the
summits. In the páramo small patches of forest
dominated by Polylepis Ruiz & Pav. and Gynoxis
Rchb. occur in protected areas (Van‘t Veer &

FIGURE 1. Relief map in 3-D of the study
area in the south Colombian Andes, including
Lake La Cocha at 2780 m elevation.The
elevation. The white
line indicates the direction of the altitudinal
profile shown as the background of Figure 7.
Most important geographical references in the
region are signposted, such as the páramos
and the city of Pasto. A vertical exaggeration
factor of 2.5 was applied to the digital
elevation model.

- 158 -

TABLE 1. Characterization of the present-day altitudinally organized biomes of the surroundings of Lake
La Cocha.
Mean annual
temperature
(MAT)

Elevation
(m.s.m.)

Characteristic taxa in
pollen records

Grasspáramo

~3700–4200

Graminaceous genera Agrostis L., Calamagrostis Adans., Festuca L.,
Muehlenbergia Schreb., and Swallenochloa McClure; stem rosettes
of Espeletia Mutis ex Bonpl. (Asteraceae); and herbaceous genera
Gentiana L., Halenia Borkh., Valeriana L., and Aragoa Kunth.

8°C–4°C

Subpáramo

~3600–3700

dwarf forest and shrub of Asteraceae, Ericaceae, Polylepis Ruiz &
Pav., Escallonia Mutis ex L. f., Hypericum L.

10°C–8°C

Biome

UPPER FOREST LINE

~3550–3600

~9.5°C

Andean forest

~2300–3600

Weinmannia L., Alnus Mill., Myrica L., Styloceras Kunth ex A. Juss.,
Podocarpus L’Hér. ex Pers., Clusia L., Myrsine L., Juglans L., Ilex L.,
Hedyosmum Sw.

16°C–10°C

Sub-Andean forest

~1000–2300

Acalypha L., Alchornea Sw., Cecropia Loefl., Arecaceae, Hieronima
Allem., Ficus L., Malpighiaceae

23°C–16°C

Hooghiemstra, 2000; Bakker et al., 2008). Human
impact on the vegetation started at selected places
in Colombia by the mid-Holocene time (Marchant et al., 2001). The pollen record of Lake La
Cocha shows sudden and significant deforestation 1405 calibrated years before AD 1950 (cal
yr BP).
UPPER FOREST LINE AND
BIOME BOUNDARIES
In the present study, the altitudinal position
of the UFL is pivotal. There is much debate on
the natural (undisturbed) altitudinal position of
the UFL (Wille et al., 2002; Bakker et al., 2008;
Moscol-Olivera & Hooghiemstra, 2010; Jansen
et al., 2013). Another relevant field of debate
concerns the question of how plant associations
shift altitudinally. Gleason (1926) observed that
species are individualistically distributed along
omnipresent environmental gradients and thus
cannot form bounded communities. Gleason and
many of his followers were of the opinion that
plant species could not form integrated communities (plant associations and biomes) because of
their individualistic behavior, and they criticized
the community concept of Clements (1916) and
- 159 -

Braun-Blanquet (1921). This debate is well presented in Van der Maarel (1975), FernándezPalacios and de Nicolás (1995), Vázquez and
Givnish (1998), and Nicolson and McIntosh
(2002), among others, and critically analyzed by
Shipley and Keddy (1987). Though Gleason and
Clements held some contrasting views, they are
not as incompatible as generally assumed (Nicolson & McIntosh, 2002; Jackson, 2006). In the
present study we used the following assumptions:
(1) the transition from continuous closed forest to
open páramo vegetation reflects the natural UFL;
(2) Andean forest and páramo are primarily climatologically constrained plant associations (biomes),
but we do not exclude processes of interspecies
competition. We support the working hypothesis
that community structure depends on the local
circumstances (Bader & Ruijten, 2008), the stage
of the migration process (González-Carranza et
al., 2012), and the degree of change (Van Nes &
Scheffer, 2004; Jackson, 2006). We agree with the
view that plant taxa respond individualistically to
environmental and climatic change (Bush, 2002),
but we observe that many plant taxa do respond
in concert, thus allowing recognition of altitudinally constrained vegetation zones that, indeed,
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may change floristic composition over time
(Hooghiemstra et al., 2012). Such change is well
illustrated in the Holocene pollen records of La
Cocha (González-Carranza et al., 2012) and Llano
Grande (Velásquez–Ruiz & Hooghiemstra, 2013).
The use of discrete biome boundaries in this
study is considered useful because of the scale
sensitivity of the definition of boundaries. Smallscale analysis restrains the identification of zones
of transition between biomes, while at a larger
scale, such as along local transects, limits of vegetation belts are normally diffuse. However, in the
latter case, discrete changes can occur where there
are sudden shifts in abiotic conditions (Bach &
Gradstein, 2011). For the scale of our analysis,
and for the purpose of mapping changes in distribution and connectivity, biomes are first of
all assessed as delimited vegetation associations
(marked boundaries with limited transitions)
along the altitudinal gradient. Subsequently, we
discuss the implications of biome connectivity
in the area of Lake La Cocha for the distributions
of taxa based on current elevational occurrences.
Hence, without disregarding the ongoing discussion on response mechanisms of plant associations to climate change (Feeley et al., 2011), we
discuss connectivity implications for both levels of
ecological responses to climate change, i.e., biome
and species ecological responses.
METHODS
The pollen-driven connectivity framework was
developed as follows: We summarized the main
patterns of altitudinal biome distribution based
on the La Cocha pollen record. We recognized
four key distributions since the LGM. We characterized the landscape of the study area by its
surface and relief variability along the elevation
gradient. We then calculated the changes in surface of the different biomes as a two-dimensional
(2-D), flat surface to compare surface estimates
when taking into account the three-dimensional

(3-D) relief. We estimated the degree of connectivity and surface loss of the páramo biome with
an upslope-shifting UFL. Subsequently, we related rates of change in terms of spatial distribution of the different biomes to rates of change in
terms of palynological taxa turnover, the latter
reflecting the internal dynamics of forest. Finally,
we discuss here the distribution patterns in relationship to the elevation ranges at both biome
and species level.
BIOME DISTRIBUTIONS
We delimited an area of ca. 7600 km2 around
Lake La Cocha, defined to include the following
four biome types: lowland forest, sub-Andean forest, Andean forest, and páramo. Permanent snow
was included as a separate class. Here, we follow
the altitudinal vegetation distribution as elaborated for the northern Andes by Van der Hammen (1974) and further specified for the southern Colombian Andes by Wille et al. (2001). The
latter study provided estimates on the altitudinal
compression of biomes and the variation in lapse
rates between the relatively dry LGM setting and
the more humid atmospheric conditions of the
Holocene (Hooghiemstra & Van der Hammen,
2004). The temporal variability in altitudinal biome
distribution was inferred from the La Cocha pollen record. The position of the UFL is characterized by a proportion of 40% arboreal pollen (AP%)
(Hooghiemstra, 1984; Van‘t Veer & Hooghiemstra, 2000; Groot et al., 2011; González-Carranza
et al., 2012). The AP%-based estimate of the
UFL elevation is fine-tuned by considering the
proportions of specific pollen and spore taxa with
clearly constrained altitudinal ranges (Groot et
al., 2013). The La Cocha pollen record shows that
the UFL occurred around four main altitudinal
positions during specific periods of time: (A) UFL
located around 3550–3600 m (modern); (B) UFL
around 2800 m (in the study area prevailing during
the period of 8060–2860 cal yr BP); (C) UFL
around 2400 m (in the study area prevailing during
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the period of 14,085–8060 cal yr BP); (D) other
pollen records (e.g., Van der Hammen, 1974;
Hooghiemstra & Van der Hammen, 1993; Van‘t
Veer & Hooghiemstra, 2000) showed that the
UFL was around 2000 m during the LGM at ca.
21,000 cal yr BP. The lowland forest biome, at
present below ca. 1000 m elevation and during
the LGM below ca. 800 m (Wille et al., 2001), is
not reflected in the pollen spectra because heavy
orographic rains prevent pollen grains from being
transported from such low elevations to the lake.
SURFACE ESTIMATES OF THE BIOMES
In remote sensing studies, mapping ecosystem
distribution at different time intervals is mostly
based on the interpretation of satellite imagery of
different years. Results are generally expressed as
the area gained or lost by a certain type of land
cover during the period of analysis. The resulting
land cover maps do not take relief into account.
This implies that the actual available surface area
in montane regions is not fully explored. The
most recent assessments of land cover change in
the Andes overlooked landscape relief in surface
estimates (Etter et al., 2006; Eva et al., 2012). To
improve our understanding of connectivity dynamics, we integrated the relief into our surface
estimates and the changing biome distributions.
The 3-D landscape projection is considered both
an approximation of available surface and dispersal distance. The surfaces are calculated in both
2-D and 3-D aspects (Fig. 1) with the Surface
Volume tool of 3-D Analyst of ArcGIS, taking sea
level as the horizontal reference plane (0 m.s.m.).
Surface area estimates are analyzed for four biomes (lowland forest, sub-Andean forest, Andean
forest, and páramo), and permanent snow is treated
as a separate class for the four different UFL settings. Although palynological studies differentiate
between subpáramo (3550–3800 m), grasspáramo
(3800–4200 m), and superpáramo (4200 m to
the permanent snow line) vegetation, we consider
the páramo biome as a single unit in our spatial
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assessments. The method is further specified in
Appendix 1. To model the UFL fluctuations and
the corresponding biome surface areas we used
a GIS-based algorithm developed by Rijsdijk et
al. (2012, 2014). Originally designed to derive
quantitative metrics from changing oceanic island
sizes and configurations due to sea level fluctuations, we applied this method to assess “islands
in the sky” by implementing an index for biome
“islands” that are formed at high elevations. We
use a digital elevation model (DEM) to calculate
biome surfaces.
CONNECTIVITY
Landscape connectivity can be defined as the
degree to which the landscape allows the migration of species (individuals) between the present
habitats, facilitating gene flow. Two basic groups
of connectivity can be considered: structural connectivity refers to the degree to which some landscape elements are contiguous or physically linked
to one another (With & King, 1999; Tischendorf & Fahrig, 2000); functional connectivity
recognizes the behavioral responses of organisms
to the physical structure of the landscape (Taylor
et al., 1993; Bélisle, 2005). Thus, landscape connectivity depends not only on the amount and
patterning of habitat, but also on the habitat affinities and dispersal abilities of species (Laita et
al., 2010). In our study we assess the effect of a
shifting UFL on the structural connectivity of
the restricted range distribution of the páramo.
Due to the shifting of the boundaries between
the biomes, their ranges shrink or expand significantly, resulting in a dynamically changing number of patches and their surfaces. Patches may
merge or fragment, opening or closing dispersal
routes within or between patches. The degree of
connectivity and surface change depend on the
relief, such as the presence of high peaks. Hence,
the effect of the rise of the UFL on páramo connectivity can be more or less profound, depending on the landscape relief.
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We used the probability of connectivity (PC)
index developed by Saura and Pascual-Hortal
(2007), which is based on network graph structures, the habitat availability, and interpatch dispersal probabilities. A graph structure evaluates
the network as a set of nodes (patches) and links
(corridors) such that each link forms the connection between two nodes. The distance between
nodes (interpatch distance) is considered the dispersal distance for species (Pascual-Hortal &
Saura, 2006) and is commonly used as the probability of dispersal within a network (Saura &
Pascual-Hortal, 2007). The integration of intrapatch and interpatch connectivity with patch
area into a single index has been shown to produce improved connectivity measurements compared to other indexes (Saura & Pascual-Hortal,
2007). To overcome limitations due to study area
size (when the habitat patches are small compared to the total area), Saura et al. (2011) suggested the equivalent connected area (ECA) as
the alternative index directly derived from the PC.
The ECA is defined as the size of a single habitat
patch (maximally connected) that would provide
the same value of the probability of connectivity
as the actual habitat pattern in the landscape. The
equations used are further specified in Appendix 2. The computations of the PC and ECA
index have been implemented in the Conefor
Sensnode 2.2 software (Saura & Torné, 2009).
We calculated the overall network connectivity
for the páramo biome along the elevation gradient as the UFL moves upslope from 2000 to
4100 m (currently at 3550 m). The páramo biome
includes the sparsely vegetated superpáramo, currently occurring between 4200 m and the snowline. The patch connections were estimated using
Euclidean (straight line) edge-to-edge distances
between patches. Patches were considered as of
equal habitat quality, and colonization is equally
likely to occur from each patch. Fragmentation
of the landscape (e.g., introduction of 200-m distances) initially has a greater effect on plants with
poor dispersal capacity, while for plants with good

dispersal capacity only increments of kilometers
in distance will matter. For this reason, we included model outcomes with varying dispersal
distances between 0.2 and 50 km.
RATES OF GEOGRAPHICAL AND
PALYNOLOGICAL CHANGE
Based on the surface and connectivity estimates,
three different geographical rates of change are
obtained. The rate of elevation change (RoElev)
of the UFL is calculated as the dissimilarity between reconstructed UFL positions in two adjacent pollen spectra, divided by the time interval
between the spectra. The rate of surface change
(RoSC) is obtained by calculating the dissimilarity between surface estimates in a 100-m elevation shift and at different altitudinal positions of
the UFL. Additionally, changes in surface of the
largest connected páramo patch (cp) are monitored along the altitudinal gradient. The rate of
surface loss (RoSLcp) is estimated for each 100-m
elevation interval. High rates are considered indicative of where the patch undergoes a disconnection from an adjacent patch. Loss of connection is considered to occur when the patches are
more than 1 km apart.
Estimates of changes in the species composition along environmental and climatic gradients
provide information on the relationship between
landscape features and the spatial patterns of biodiversity. Based on the pollen record of Lake La
Cocha, rates of ecological change (RoEC) are estimated by calculating the palynological turnover
rate (PTR) and the dissimilarity coefficient (DC)
between adjacent pollen spectra. The PTR is defined here as the amount of taxonomic composition change per time unit. Pollen data were
interpolated to produce intervals between samples equidistant in time. To account for the nonequivalent time intervals the DC is calculated as
well. This coefficient is calculated as the distance
between two samples in an N-dimensional space,
with the coordinates defined by the pollen percentages of the pollen taxa in these samples (N
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taxa) (Bennett & Humphry, 1995). Further explanation on rates of change implications is found
in Appendix 3.
ALTITUDINAL DISTRIBUTION PATTERNS
OF SPECIES
For pollen taxa well represented in the La Cocha
pollen record, we downloaded all available herbarium records through the Global Biodiversity
Information Facility (GBIF, 2013; Appendix 4).
We followed the data filter method proposed by
Feeley and Silman (2010) to reduce the potential
influence of georeferencing errors and biased duplication of samples on the genus elevation distribution. This method includes screening the data
to eliminate obvious georeferencing errors and
duplicated records, resulting in a database of more
than 67,000 unique records. We selected the records from Colombia and Ecuador as the most
representative of the study area. For 49 genera
represented by > 30 Global Biodiversity Information Facility (GBIF) records (collections), we
estimated their altitudinal distributions. We only
used elevation data recorded by the collections
themselves, as elevations extracted on the basis of
geographic coordinates are shown to present severe and problematic errors, especially in mountainous areas (Feeley & Silman, 2010).
RESULTS
BIOME AND UPPER FOREST LINE
DISTRIBUTION IN THE LANDSCAPE
The landscape within the study area has been
covered by a variety of spatial distribution patterns of the biomes through time (Fig. 2). The
lake was surrounded by páramo up to 8060 cal yr
BP (Fig. 2C, D), then by Andean forest after
8060 cal yr BP. During the LGM the large extension of permanent snow and páramo is evident, as
is the fragmentation of the páramo into isolated
patches at present time (Fig. 2A). These shifts of
biomes along the slopes cause changes in surface
area that show important differences between the
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biomes at these four different periods (Fig. 3).
Andean forest shows a relevant increase in surface
from 17% during the LGM to 57% at present
(Table 2). Sub-Andean forest increased with similar values but a higher factor (5 compared to 3.2
for Andean forest). During the LGM permanent
snow covered more than 20% of the study area
and is absent today. Páramo covered 47% of the
study area during the LGM; this area was reduced
to 2% over the last 8000 years. The páramo vegetation occurs within an altitudinal range of 600 m
(3600–4200 m), but nonetheless this biome covers only 2% of the area today. The largest gains
occurred for Andean forest and sub-Andean forest (1622 km2 and 1268 km2, respectively) during
the period that the UFL shifted upslope from
2800 to 3600 m, while during the same period
of time the páramo lost 95% of its surface. Also
during that period, the area with permanent snow
lost 24 km2, disappearing completely, while all
forest biomes gained area.
CONNECTIVITY AND SURFACE
By projecting the reconstructed biome distributions to a more realistic 3-D model of the landscape (Fig. 1), approximations of variation in surface and distance can be better assessed. There are
important differences in estimated surfaces as a flat
area (2-D) versus as a 3-D projection (Table 3),
especially in the mid-range altitudes between 900
and 2400 m. The total surface of the study area
is 7559 km2 as a 2-D flat surface but increases
by 12% to 8467 km2 when considered as a 3-D
landscape. Surface estimates for the sub-Andean
and Andean forest differ up to 15%–17%. The
degree to which the 3-D model differs from a
flat surface depends on the relief variability along
the elevation gradient (Fig. 4A). The mountains
around Lake La Cocha are characterized by abundant mid-range altitudes (2600–3400 m), with a
steep reduction of available surface area in the
adjacent higher and lower altitudes. The peaks in
the 3-D/2-D line (Fig. 4A) point out where the
relief deviates most from a flat surface, indicating
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FIGURE 2. Distribution of lowland forest, sub-Andean forest (lower montane forest), Andean forest (upper montane forest),
páramo (including subpáramo, grasspáramo, and superpáramo), and permanent snow during four different altitudinal positions
of the upper forest line (UFL). —A. UFL at 3550 m, reflecting the present-day condition. —B. UFL at 2800 m, reflecting the
period from 8060 to 2860 cal yr BP. —C. UFL at 2400 m, reflecting the period from 14,085 to 8060 cal yr BP. —D. UFL at
2000 m, reflecting the Last Glacial Maximum (LGM) at ca. 21,000 cal yr BP.

FIGURE 3. Estimated surface area and percentage cover of the four main vegetation associations and permanent snow for the
following scenarios: upper forest line (UFL) located at 2000 m, 2400 m, 2800 m, and 3600 m elevation.
elevation.The
The numbers within
the bars indicate surface estimates (3-D, km2) of the biomes.
biomes.The
The total area of the study site is 7600 km2..The
The elevation ranges
of the biomes along the elevation gradient are shown in the background (right vertical axis).
axis).The
The altitudinal intervals occupied
by the various biomes during periods of the last 14,000 years follow the La Cocha pollen record as specified in Table 2.
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TABLE 2. Calculated change in surface area (2-D and 3-D) of main biomes and permanent snow for different
upper forest line positions. Maximum values are indicated in bold.
Elevation
range (m)

Vertical
extent (m)

Surface area
in 2-D (km2)

Surface area
in 3-D (km2)

Difference
3-D/2-D

Surface
area 3-D

UFL ~3550 m: Period A (Modern)
Permanent snow
Páramo

0

0

0

600

146

159

0
3600–4200

0
9%

2%

Andean forest

2300–3600

1300

4357

4813

10%

57%

Sub-Andean forest

1000–2300

1300

2589

3002

16%

35%

< 1000

1000

467

493

6%

6%

> 3800

600

22

24

9%

0%

Páramo

2800–3800

1000

2892

3119

8%

37%

Andean forest

1900–2800

900

2768

3191

15%

38%

900–1900

1000

1492

1734

16%

20%

< 900

900

385

399

4%

5%

Lowland forest
UFL ~2800 m: Period B
Permanent snow

Sub-Andean forest
Lowland forest
UFL ~2400 m: Period C

> 3400

900

563

608

8%

7%

Páramo

2400–3400

1000

3567

3923

10%

46%

Andean forest

1600–2400

800

2192

2548

16%

30%

Permanent snow

900–1600

700

852

989

16%

12%

< 900

900

385

399

4%

5%

> 3000

1300

1919

2079

8%

25%

Páramo

2000–3000

1000

3524

3966

13%

47%

Andean forest

1400–2000

600

1236

1442

17%

17%

800–1400

600

549

635

16%

7%

< 800

800

331

345

4%

4%

325–4200

3875

7559

8467

12%

Sub-Andean forest
Lowland forest
UFL ~2000 m: Period D (LGM)
Permanent snow

Sub-Andean forest
Lowland forest
TOTAL

steeper slopes at lower altitudes between 1000
and 2000 m. A similar variable landscape geomorphology is found between 2000 and 2700 m,
indicating an increase in surface and dispersal
distance. There are several more plane intervals
between 2800 and 3400 m, with steeper slopes
gradually increasing to higher elevations. This
means that biomes with a distribution restricted
to 2700 m and higher constitute an important
part of the available surface area in the region.
Nevertheless, each 100-m altitudinal rise results
in a substantial reduction of the surface area and
connectivity (Fig. 4B). The size of the largest
connected páramo patch shrinks when its lower
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altitudinal boundary rises. At certain elevations,
patches disconnect and dispersal routes between
patches are lost. The first important decrease
in connected surface occurs between 2700 and
2800 m, pointing to a first disconnection of a
large area from the main patch. The result of this
disconnection between the large páramo area in
the northeast from the main páramo area surrounding the lake can be observed in Figure 2B.
The next critical thresholds for connectivity loss
occur between 3100 and 3300 m, and between
3400 and 3600 m (Fig. 4B). There, the topographical variation influences patch size and range
shape of biomes. At the most profound fragmen-
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TABLE 3. Calculated change in surface areas of main biomes and permanent snow as a 3-D
landscape during the intervals between the four periods of characteristic UFL positions
(Fig. 2A–D). Negative numbers indicate a decrease in surface area.
Area change
3-D (km2)

Biome
UFL 2800 to 3550 m.s.m.
Period B to A (Modern)

Permanent snow
Páramo

–100

–2960

–95

1622

51

Sub-Andean forest

1268

73

94

24

Permanent snow

–584

–96

Páramo

–804

–20

Andean forest

643

25

Sub-Andean forest

745

75

Lowland forest
UFL 2000 to 2400 m.s.m.
Period D (LGM) to C

–24

Andean forest
Lowland forest
UFL 2400 to 2800 m.s.m.
Period C to B

Change
(%)

Permanent snow
Páramo
Andean forest
Sub-Andean forest
Lowland forest

tation events, the rate of surface loss can decrease
40%–69%. Depending on the elevation interval,
there is relatively more connectivity loss than surface area loss; each 100-m rise between 2000 and
3300 m affects the interpatch connectivity more
than the intrapatch connectivity (Fig. 4C). As
the lower páramo boundary further rises, more
páramo patches disconnect, and intrapatch connectivity becomes more important. The degree
of loss of the ECA also depends on potential dispersal distances, because initially species with a
capacity for short-distance dispersal would experience higher ECA loss, while at higher elevations long-distance dispersal species become more
affected.
GEOGRAPHICAL AND ECOLOGICAL
RATES OF CHANGE
Geographical changes. The main pollen diagram
of La Cocha (Fig. 5A) shows contributions of
páramo, subpáramo, and Andean forest. The rec-

0

0

–1471

–71

–43

–1

1106

77

354

56

54
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ord of UFL positions (Fig. 5B) shows a high variability of RoElev at a short time scale (Fig. 5C),
indicating average migration velocities up to 20
vertical m yr–1. Some peak values of upslope UFL
shifts are based on single pollen samples and are
considered meaningless outliers (indicated with
asterisks in Fig. 5B). As the forest moves upslope
a larger surface extension is occupied in the region (Fig. 5D). Both Andean and sub-Andean
forests expand, while páramo, in particular, is replaced by Andean forest (Fig. 5D).
Shifts of the UFL show several peaks (Fig. 5B)
toward higher altitudes, causing sharp decreases
in the representation of the subpáramo biome
(Fig. 5A). During the period from 13,000 to
11,500 cal yr BP (Fig. 5A, zones 3 to 4) subpáramo nearly disappeared (González-Carranza
et al., 2012). Significant peaks are also present
between 8000 and 1000 cal yr BP; human presence is evidenced in the Andes during this period,
yet we consider this part of the record to be reliable. However, during the last 1500 years (Fig. 5,
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FIGURE 4. —A. Surface and relief variability along the elevation gradient expressed as the percentage cover as a function of
the selected study area and the 3-D/2-D ratio (%). —B. Surface (2-D, km2) and upslope rate of surface loss of the largest
connected páramo patch area (RoSLcp, %). Surface area is along a logarithmic scale and patch surface is estimated in absence
of permanent snow. —C. Changes in equivalent connected area (ECA) along the elevation gradient as the indicator of
páramo connectivity.
connectivity.The
The ECA values for varying dispersal distances (0.2–50 km) are plotted as lines, as is the rate of total
surface area change (RoSC, %). Orange bars indicate where loss in area is larger than the relative loss in connectivity. Dark
gray bars indicate where loss in connectivity is larger than the relative loss in area.

zones 20 to 23) there was significant anthropogenic impact (deforestation), and the record for
this period was discarded as invalid. Periods in
which the UFL reached high elevations (3100–
3300 m) may not always show a profound effect
on the total biome surface area (Fig. 5D), but they
record a heavily reduced extension of the largest
páramo patch (Fig. 5E), indicating reduced connectivity (Fig. 4).
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The critical elevation limits for páramo patches
to disconnect depend on the lowest elevation
thresholds in the landscape and the elevation of
the summits. When the UFL moves upslope, the
number of patches increases and the distribution
is increasingly confined to a group of patches
(Fig. 6: C3) or isolated peaks (Fig. 6: C1, C2, C4,
C5) in the landscape. For the region of La Cocha
the first critical elevation trespass is between 3100

FIGURE 5. Records of vegetation dynamics and rates of change.
change.The
The left vertical axis indicates, from left to right, the depth
scale, time scale, and pollen zones. —A. Main pollen diagram of core La Cocha-1 (after González-Carranza et al., 2012).
—B. Upper forest line (UFL) position.
position.The
The elevation peaks are indicated where the rapid increase of the UFL caused the
disappearance of the subpáramo.
subpáramo.Values
Values with * are based on a single sample and therefore discarded. —C. Rate of elevation
change (RoElev, m yr–1). —D. Biome surface areas of four vegetation associations and permanent snow as percentage of total
3-D surface. —E. Area (3-D, km2) of largest páramo patch surface. —F. Rates of ecological change (RoEC): palynological
turnover (PTR, %/yr) for the total and arboreal pollen sum, and dissimilarity coefficient (DC, %).
%).Time
Time steps of the age model
are shown along the lower horizontal axes. Horizontal dashed lines indicate transitions between periods of higher (ii and iv)
and lower (i and iii) species composition dynamics.

and 3200 m, when C1 disconnects from C6 and
consequently, from the rest of the landscape. C2
disconnects at 3300 m, while important stepping
stone patches previously present between C1 and
C6 also disappear. These changes are more prominently affecting connectivity as seen in Figure 4.
When the UFL moves further up to 3400 m, C6
practically disappears and loss in area is substantial in all components. C5 now becomes a group
of separated patches. Connectivity is greatly affected when C3 disintegrates and C2 is nearly
lost; this happens when the lower boundary migrates to 3600 m. Up to that limit páramo occurs
relatively close to the lake on the surrounding
ridges. Considering projections of a future upslope shift of the UFL, the páramo biome will
only remain on the Galeras volcano (C1) as a last
refugium (but the volcano has had several erup-

tions in the last two decades, potentially damaging the vegetation in the refugium).
Ecological changes. Transitions between periods
of increased PTR (Fig. 5F: ii, iv) and decreased
PTR (Fig. 5F: i, iii) are observed for both general
and arboreal pollen composition. Intervals of increased PTR possibly indicate periods of variable
climate conditions. The length of the time steps
between pollen samples varies along the core from
20 to 70 years (Fig. 5, time step curve). The most
striking observation to emerge from the PTR and
time step comparison is the clear relation between
PTR and the length of the time steps; long time
steps weaken PTR dynamics. The DC also shows
the same transitions between periods of increased
and decreased variability, but to a lesser degree
(Fig. 5F). Comparing the UFL position with the
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FIGURE 6. Geographical representation of the critical elevation thresholds of páramo connectivity and surface changes (Fig. 4)
in a selected area in the region of Lake La Cocha.The
Cocha. The small window in the lower right corner delimits the location of the
selected area from within Figure 2B, showing the páramo extension. Shaded areas indicate elevation ranges of 100-m intervals
(see legend), and the dashed line delimits the 2700-m elevation contour. Components (C) indicate groups of páramo patches.
Forest areas toward lower elevations (< 2700 m) are indicated as F1, F2, and F3, the last one being the Basin of Sibundoy (Fig. 1).

DC values, there is tendency of increased DC
when forest occurs at higher elevations (> 2600 m;
Fig. 5B). Interestingly, the higher elevations are
related to increased surface extensions (Fig. 5D),
which indirectly point to a relationship between
extended range of biomes and the DC.
The distribution of individual species along an
elevation gradient is composed of a nucleus zone,
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which represents the core of the species’ range plus
the trailing and leading edges of biogeographical
boundaries of the species’ distribution. Shifts in
the geographic ranges of individual plant species,
as well as whole plant associations, occur by expansion of the population at the leading edge of
the distribution area and retraction at the trailing
edge (Jump et al., 2009). Species may show a re-

FIGURE 7. Altitudinal ranges of modern plant species present in pollen records from the northern Andes.
Andes.The
The sequence of
taxa follows the grouping of pollen taxa reflecting specific biomes.
biomes.The
The curves follow the shape of the frequency distributions:
the thickest part of the curve indicates the highest frequencies of the observed distribution. Outliers are indicated as dots.
dots.The
The
number of herbarium collections included per taxon is specified in parentheses.
parentheses.The
The background shows the landscape profile
of the region as drawn in Figure 1.
1.The
The location of Lake La Cocha is indicated by a box. Distribution data were obtained from
the Global Biodiversity Information Facility (GBIF, 2013).

stricted nucleus range, while others show a relatively broad core range and distribution along a
wide elevation gradient (Fig. 7). Several arboreal
genera are distributed over the entire range of altitude, such as Podocarpus L’Hér. ex Pers., Weinmannia L., and Hedyosmum Sw. The trailing and
leading edges of species distributions are relatively
widely spread along the elevation gradient, for
both high montane as well as for lowland species.
The distribution of subpáramo species does not

differ from the grasspáramo species; both the nuclei and edges show similar patterns. This justifies
the strategy chosen for this analysis, to assess
páramo dynamics as a single biome. The leading
edges of the Andean forest biome overlap the core
ranges of the páramo biome, although the nuclei
of the arboreal species are all below 3000 m. This
reflects the difference between all GBIF-loaded data
from Colombia and Ecuador leading to an average position of the UFL ecotone, and the region- 170 -

specific positions of the UFL ecotone as used in
the various pollen studies: UFL in Llano Grande at
3450 m (Velásquez-Ruiz & Hooghiemstra, 2013);
in Fúquene at 3200 m (Groot et al., 2011, 2013);
in La Cocha at 3550 m (González-Carranza
(González-Carranza et
al., 2012); and in Guandera at 3600 m (Bakker
et al., 2008). Depending on MAT, MAP, cloudiness, and night frost (Hooghiemstra et al., 2012),
the altitudinal ranges of some species can differ significantly between the forest and páramo biomes,
while many others occur in the mid-ranges.
DISCUSSION
GEOGRAPHICAL AND
ECOLOGICAL CHANGES
Spatial analysis of the landscape provides the
geographical context to better understand climatedriven biome dynamics. The ratio between the
elevation range and the associated available biome
surface area depends on the relief only. In the study
area, biomes at mid-range altitudes have higher
surface area available compared to biomes prevailing at high and low altitudinal ranges (Fig. 4).
Although biomes may not show substantial surface change along the elevation gradient, certain
100-m shifts have profound effects on their connectivity. The degree of fragmentation depends
on the altitudinal range. The projected loss of
biome surface due to global warming is disproportionately large compared to the reduction in
elevation range which is typical of a mountain
setting (Bush, 2002). As a consequence, the most
important surface reductions are processes of isolation between patches of biomes.
Fast UFL shifts, indicative of rapid climate
change, cause critical consequences for the connectivity of the páramo biome (Fig. 5). Trees with
pioneer qualities and a short life cycle allow a fast
response to climate change and may expand into
new areas and produce fertile individuals within
less than two decades. A high variability in UFL
positions at short time scales indicates average migration velocities up to ca. 20 vertical m yr–1, with
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peaks up to 40 vertical m yr–1. Estimates of migration in deep ecological time based on fossil
pollen records are known to be significantly higher
than observed rates from dispersal studies based
on plots in the field (Pearson & Dawson, 2005).
Estimates based on fossil records from temperate
lakes mention rates of horizontal spread exceeding 1000 m yr–1 (Davis, 1981; Huntley & Birks,
1983), but these velocities have not been observed
from ecological studies (Clark, 1998). Ecologists
suggest that rare long-distance dispersal of pollen
grains may explain the higher migration rates
inferred from pollen records (Clark et al., 2001;
Pearson & Dawson, 2005; Nathan, 2006). This is
substantiated by Jansen et al. (2013), who showed
in a case study from northern Ecuador that when
grass-rich biomes prevail, their pollen signal may
lead real forest change by about a thousand years.
Willis et al. (2010) argued that although the underlying mechanisms responsible for past changes
in climate were very different, the rates and magnitude of climate change were similar to those
predicted for the future and therefore relevant
to understanding future biotic response. What
emerges from records of deep ecological time is evidence for rapid community turnover, migrations,
development of novel ecosystems, and thresholds
from one stable ecosystem to another. In Figure
5B, the arboreal pollen peaks based on single pollen samples and peaks that start to grow from
below 40% (Fig. 5A) (thus reflecting páramo
conditions at the coring site) are considered unreliable (i.e., peaks labeled 2592* and 3560*).
Patches of forest within the páramo are thought
to contribute to fast expansions when conditions
become favorable (Ammann et al., 2000; Bush,
2002; Sarmiento & Frolich, 2002; Pearson, 2006).
When the UFL passes the level of the lake at
2800 m the surrounding ridges still host páramo
vegetation at a very close distance. Even at the
highest peak of the UFL at 3268 m (Fig. 5B),
páramo is still present directly around the lake.
This makes a local extirpation of the subpáramo
as an ecotone plausible when the leading edge of
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forest is overpassing the slower-migrating lower
edge of the subpáramo biome (Breshears et al.,
2008).
Replacement of forest by páramo vegetation is
considered a slower process. When climate conditions become unfavorable for trees in the current ecotone, individual trees may die, leaving
abundant dead wood prone to fire. After opening
the landscape by fire, subpáramo is able to become reestablished as a transition zone between
grasspáramo and the retreating forest. A lag greater
than 100 years between the climate deterioration
and the downslope retraction of the forest seems
feasible. The pollen record of La Cocha indeed
shows horizons with abundant charcoal at events of
forest retraction (González-Carranza et al., 2012).
Rapid ecosystem reconfigurations between alternative states are known as ecological regime shifts
(Andersen et al., 2008; De Boer et al., 2013). The
trigger may be an external perturbation, such as
climatic fluctuations, or a change in the system’s
internal dynamics. The longest period of relative
stability is 600 years at Lake La Cocha, while a
period of 400–1500 years was observed at Lake
Fúquene (Bogotá-Angel et al., 2011).
Mountain slopes between ca. 1000 and ca.
1500 m were permanently covered by the Andean forest, following the hypothesis of Wille et
al. (2001) that this particular interval is unique
because the biome cover has remained unchanged
since the LGM. This implies that pollen records
from the ca. 1000–1500 m interval are less sensitive to minor climate change. Although the PTR
is proposed as a useful indicator for the speed of
past vegetation change ( Jacobsen et al., 1987;
Williams et al., 2001; Urrego et al., 2009), care
should be taken in extracting easy conclusions
from the RoEC estimates, since variation in time
intervals has significant impact. In the La Cocha
pollen record, temporal steps vary between 5 and
70 years, respectively enforcing and weakening the
PTR values. Without the corresponding data on
time step variability and absolute pollen change
values, rates of change estimates could lead to

misinterpretation of the degree of biome change.
Therefore, we suggest standardizing the notion of
time step variability for PTR and RoEC estimates
as a common denominator in future studies.
NO-ANALOGUE VEGETATION
COMPOSITION
The most dynamic altitudinal range for species
in the region of Lake La Cocha is between 2500
and 3500 m. Here several biological and geographical processes converge: the characteristic
geomorphology of the region (Fig. 4); the isolated habitat patches at distinct elevation levels
(Fig. 6); and the distribution nuclei of species
within this range (Fig. 7). At the same time this
is an important elevation range for surface availability (Fig. 4). The relief plays an important role
in species sorting and their potential versus realized distribution. The species with greatest amplitude, arboreal species in this study, are distributed
over the entire range of altitude (Fig. 7). This offers opportunities for rapid expansion when conditions improve toward higher altitudes or from
isolated patches that remained in the landscape.
Altitudinal range width of ecosystems and species
influence the observed patterns of species richness
and the homogeneity along the elevation gradient (Bach et al., 2007). The tendency to observe
higher turnover rate at mid- and higher elevations
is explained by the convergence of upper and
lower elevation distribution limits and the density of distribution nuclei of the different biomes
along this elevation range (Bach et al., 2007).
Nevertheless, the UFL and the transitions from
the foothills to the flat lowland terrain are wellknown zonations (Kessler, 2000; Richter et al.,
2008).
FUTURE IMPLICATIONS
The timing, magnitude, and direction of biotic
responses to projected future climate change is
thought to vary greatly among species and geographical conditions, allowing novel plant assemblages as well as different types of distribution
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patterns to develop (Williams & Jackson, 2007;
Breshears et al., 2008; Willis et al., 2010; Chen
et al., 2011). Since the last interglacial period, biotic communities have been resorted, leading to
the formation of new species assemblages linked
to new climatic conditions (Jackson & Williams,
2004; Willis et al., 2010; Bertrand et al., 2011).
Assuming that Andean montane species distributions are significantly influenced by temperature (as well as precipitation, atmospheric pCO2,
clouds, night frost frequency, and UV radiation;
Hooghiemstra et al., 2012), the projected future
climate warming (IPCC, 2007) will probably
cause an upward migration of species in montane
arboreal communities, since temperature decreases
predictably with increasing elevation. The effect
on páramo connectivity and available habitat area
is projected to be substantial (Fig. 4). Currently,
the pressure on ecosystems has reached a dangerous level due to the combination of rapid climate
change and extended land use (Travis, 2003). The
greatly reduced range sizes of natural systems due
to grazing and other activities can pose barriers
for upslope shifts of the leading edges of forests,
if the surrounding forests and natural habitats
are not maintained (Chen et al., 2009). The key
is to understand the ecological network across
elevation gradients and, thus, the reason to focus
local conservation efforts on guaranteeing habitat
availability and connectivity in the montane
landscape. The improved insight on the ecological complexities obtained through the framework
developed in this paper should be applicable to
studies in a wide range of disciplines, such as evolutionary and genetic studies, biogeography, landscape ecology, and landscape conservation.
CONCLUSIONS
Some exciting insights were developed by assessing palynological reconstructions in a landscape perspective. Biome and species distribution
patterns, their responses to climate change, and
critical landscape thresholds for connectivity in
- 173 -

montane areas have been integrated. The assessments concerning connectivity directly inform
our understanding of montane biome dynamics
through time and space. The applicability of this
innovative approach is shown for the pollen record of Lake La Cocha. The region offers a very
diverse migratory environment as available habitat surface, dispersal distances, and connectivity
differ along the elevation gradient. These characteristic landscape features clarify the observed
differences between the biomes in terms of rates of
surface, and altitudinal, and palynological change.
We showed that care must be taken in the interpretation of palynological change as an indicator
of dynamics, because trends are related to the
lengths of the time steps in the record. Since the
LGM, forest biomes have increased while páramo
is being pushed to a narrower altitudinal range
due to the rising UFL along the slope. These
shifts of the UFL can be swift (20 vertical m yr–1
and more), causing the local extirpation of the
ecotone biome (subpáramo) between páramo and
forest and important losses in connectivity of
páramo. Although the present-day páramo biome
reflects only 4% of its LGM extension, its level
of diversity seems untouched. During Pleistocene times the gene pools of these species must
have passed such bottlenecks multiple times. This
has interesting implications for future dynamics
in gene pools; keeping connectivity available is a
crucial prerequisite for long-term conservation of
the gene pools.
The prime elevation zone where biological and
geographical dynamics converge in the region of
Lake La Cocha is between 2500 and 3600 m.
Within this range, different biomes have dominated through time, there is a higher surface availability, and there are shorter dispersal distances
compared to higher and lower elevations. Here,
species from different biomes overlap in their
potential distribution, and loss of interpatch and
intrapatch connectivity of the páramo biome is
most profound. Furthermore, when the forest expands to these higher elevations, there is a tendency
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for diversification of species assemblages (as estimated by the PTR and DC), indicating the temporal overlapping of altitudinal distribution of
biomes within the same altitudinal range. The
concurring potential altitudinal ranges of species
observed in current distribution records confirm
that finding. Spatial assessments of the landscape
need to be incorporated into palynological thinking to improve the interpretation of biome and
species responses to climate change. The application of palynological research for conservation
strategies is urged to expand its potential. Its integration with other disciplines will have farreaching implications.
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APPENDIX 1. Three-dimensional calculations of
surface in ArcGIS.

The landscape of a study area can be analyzed
as if it were a flat 2-D area (Fig. 1; custom surface) or as a dynamic diverse feature (Fig. 1; floating on a custom surface), in this study showing
the relief around Lake La Cocha. To estimate the
available surface of the different biomes at different moments in time, the digital elevation model
(DEM) ( Jarvis et al., 2008) is projected from
2-D into a 3-D representation. Therefore, the
DEM is converted into a so-called triangular irregular network (TIN), which is a continuous,
non-overlapping triangular network representing
the surface topography of an area. The boundaries
of each triangle define the position of linear features that play an important role in a surface, such
as ridgelines or stream course. Each corner of a
triangle has a z-value, which is the value of the
altitude. To create a TIN within ESRI ArcGIS 10
(Redlands, California, U.S.A.), a contour map of
the available 90 m DEM is created with soft isolines between every 25 m, which is then converted into the final TIN. For surface modeling,
TINs should be constructed using projected coordinate systems, as geographic coordinate sys-

tems are not recommended because their angular
units of degrees can produce incorrect results in
slope, volume, and area calculations. Consequently,
the surface of the created TINs is calculated in
both 2-D and 3-D aspects with the Surface Volume tool of 3-D Analyst of ArcGIS, taking sea
level as the horizontal reference plane (0 m.s.m.).
Surface area estimates are analyzed for all biomes
during the four different UFL settings and also
for the altitudinal range of the total study area.
APPENDIX 2. Connectivity index.

The connections between habitat patches are
best characterized by a probabilistic model in which
there is a certain probability of dispersal among
patches typically modeled as a decreasing function of interpatch Euclidean or effective distance
(Saura & Pascual-Hortal, 2007). These probabilities are defined as the chance that two species
randomly placed within the landscape fall into
habitat areas that are reachable from each other
(interconnected) given a set of n habitat patches
and the connections ( pij ) between them. The probability of connectivity index (PC) is given by the
following expression (Saura & Pascual-Hortal,
2007):

where ai and aj are the areas of the habitat patches
i and j, and AL is the total landscape area (area of
the study region, comprising both habitat and
non-habitat patches). PC increases with improved
connectivity and has a bounded range of variation between 0 and 1. PC equals 0 when no habitat patches are present in the study area, and
equals 1 when all the landscape is occupied by
habitat. The strength of each link is characterized
by pij, which is the probability of direct dispersal
between patches i and j. The value for p*ij is the
maximum product probability of all the possible
links between patches i and j (including the direct patch between i and j).
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It is calculated as follows:

The equivalent connected area (ECA) value will
not be smaller than the area of the largest patch
in the landscape. The value of the ECA will coincide with the surface area of the single habitat
patch (no fragmentation) or when the habitat is
fragmented into different patches but there is a
maximal interpatch connectivity such as that p*ij
= 1 for each pair of patches (Saura et al., 2011).
APPENDIX 3. Rate of change estimates.

Greenland ice cores revealed the first hint at
how fast climate can change. Based on ∂18O records, the Dye3 record showed a 7°C temperature
increase in ~50 years (Dansgaard et al., 1989) and
the North Greenland Ice Core Project (NGRIP)
record documents 11.2°C in 21 years (DahlJensen et al., 2002; NGRIP Members, 2004).
Understanding of rates of change in terrestrial
ecosystems is poorly developed, but first studies
report results that have significant implications.
Millennial-scale variability in precipitation was reported by Cruz et al. (2009) for Brazil and by
Baker et al. (2009) for Peru. Vimeux (2009) studied similarities and discrepancies between records
from tropical Andean ice cores and high-latitude
ice sheets and discussed mechanisms to propagate drivers from high to low latitude. Urrego et
al. (2009) studied rates of change (RoC) from 13
Neotropical pollen records and identified periods
of fastest change since the Last Glacial Maximum
(LGM). They state that RoC analysis showed that
the speed of these climate changes never exceeded
the species response capabilities. However, the
RoC values were not specified nor directly compared to species response indicators. The robust age
model of the new Fúquene-9Composite (Fq-9C)
record (Groot et al., 2011) allowed inference of
first estimates of RoC in the upper part of the
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montane forest in Colombia and showed that the
fastest change of 10°C ± 2°C occurred at terminations and during marine isotope stage (MIS) 3.
All this evidence is indicative of teleconnections
between the high latitudes and Neotropical low
latitudes, and Grimm and Ambrizzi (2009) and
Khodri et al. (2009) discuss several mechanisms.
APPENDIX 4. Full reference for the GBIF Data
Portal.

Global Biodiversity Information Facility—GBIF
Data Portal. 2013. Biodiversity occurrence data
published by: Administración de Parques Nacionales, Argentina; Arizona State University, Global
Institute for Sustainability; Asociación de Becarios
del Casanare—ABC; Australian National Herbarium (CANB); Berkeley Natural History Museums;
Bernice Pauahi Bishop Museum; Biologiezentrum
Linz Oberoesterreich; Bioversity International;
Botanic Garden and Botanical Museum BerlinDahlem; Botanical Research Institute of Texas;
British Antarctic Survey; California Academy of
Sciences; Canadian Biodiversity Information Facility; Centro Nacional Patagonico—CONICET;
Comisión nacional para el conocimiento y uso
de la biodiversidad; Conservation International;
Corantioquia; Facultad de Ciencias Naturales y
Museo—U.N.L.P.; Fairchild Tropical Botanic
Garden; Federación Nacional de Cafeteros de Colombia; Field Museum; Fundación Alma; Fundacion Miguel Lillo Provider; GBIF New Zealand;
GBIF-Spain; GBIF-Sweden; Georg-August-Universität Göttingen, Albrecht-von-Haller-Institut für
Pflanzenwissenschaften, Abteilung Systematische
Botanik; Harvard University Herbaria; Herbaria
of the University and ETH Zürich (Z+ZT); Herbario SANT, Universidade de Santiago de Compostela; Herbarium Hamburgense; Herbarium
of the University of Aarhus; Herbarium of Université de Montpellier 2, Institut de Botanique;
iNaturalist.org; INRA Antilles-Guyane; Institute
of Botany, University of Hohenheim; Instituto
de Botánica Darwinion—CONICET; Instituto
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de Ciencias Naturales; Instituto de Investigación
de Recursos Biológicos Alexander von Humboldt;
Instituto Nacional de Biodiversidad (INBio),
Costa Rica; Instituto Nacional de Tecnologia
Agropecuaria—Instituto de Recursos Biológicos;
Karl Franzens University of Graz, Insitute for
Botany—Herbarium GZU; Ministerio de Ciencia, Tecnología e Innovación Productiva; Missouri
Botanical Garden; MNHN—Museum national
d’Histoire naturelle; Mountain Invasion Research
Network—MIREN_ETH; Museo Argentino de
Ciencias Naturales; Museo Nacional de Costa
Rica; National Herbarium of New South Wales;
National Museum of Natural History, Smithsonian Institution; National Museum of Nature
and Science, Japan; Natural History Museum,
Vienna—Herbarium W; Netherlands Centre for
Biodiversity Naturalis, section National Herbarium of the Netherlands; Organization for Tropical
Studies; Royal Botanic Garden Edinburgh; Royal
Botanic Gardens, Kew; Royal Ontario Museum;
Senckenberg; Staatliche Naturwissenschaftliche
Sammlungen Bayerns; SysTax; the New York Botanical Garden; UNIBIO, IBUNAM; Universidad de La Salle; Université de Montréal Biodiversity Centre; University of Alabama Biodiversity
and Systematics; University of Arizona Herbarium; University of British Columbia; University
of California, Davis; University of Connecticut;
University of Malaga; University of Vienna, Institute for Botany—Herbarium WU; US National Plant Germplasm System; Utah Valley State
College (UVSC); Wrocław University, Museum
of Natural History; Yale University Peabody Museum (accessed through data.gbif.org; 28 April
2013 and 4 May 2013).
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PREFACE
This chapter should be cited as follows:
Flantua, S.G.A., Hooghiemstra, H. Historical Connectivity and Mountain Biodiversity. In: C.
Hoorn, A. Perrigo, A. Antonelli, A. (Eds.), Mountains, Climate and Biodiversity, Wiley, in
press.
In the previous Chapter 5, I made a first step in answering my research question ‘How do
the landscape features in mountains influence the distribution of plant associations under
different climate conditions?’ by looking into the shifting altitudinal distributions of Andean
biomes and the implications for surface availability and connected habitat. The degree of
historical connectivity of the páramos is influenced by both the topography and the
elevation of the upper forest line of which the position changed significantly.

In this chapter I build upon the knowledge that not only since the Last Glacial Maximum
species distributions in the Andes changed remarkably (as explored in Chapter 5), but also
during the entire Pleistocene. In this chapter our current understanding of Pleistocene
vegetation dynamics is explored, and specifically the páramos, to give insights into a
possible cause for the recent and rapid evolutionary radiations identified in Andean plants.
We propose a new concept, namely the ‘Flickering Connectivity System’, as a key
mechanistic feature within the mountain landscape that causes the consecutive process of
connecting and disconnecting biomes in response to Pleistocene climate change. As a result,
important drivers for evolutionary diversification (fragmentation, colonization, intermixing
and hybridization) occur in a temporally and spatially complex manner (the ‘mountain
fingerprint’). Important here to understand is that much emphasis in the literature has been
on identifying periods or states of isolation, such as the localization of refugia, but here we
also show the relevance of states of connectedness to explain contemporary species
richness and phylogeographic patterns. This chapter is the first chapter that addresses
mountain biodiversity and historical connectivity in a more conceptual framework style
and with a high multidisciplinary approach.
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Historical connectivity and mountain biodiversity
Suzette G.A. Flantua and Henry Hooghiemstra
Institute for Biodiversity and Ecosystem Dynamics, Dept. of Palaeoecology and Landscape
Ecology, Science Park 904, 1098 XH Amsterdam, The Netherlands
Abstract
The distribution of species in the present is just a snapshot in time after millions of years of
change. Pleistocene climatic cycles, varying from 100 ky to sub-millennial scales, played an
important role in shaping species’ distributions. In mountains, these cycles pushed species
rhythmically along the slopes, opening temporary dispersal pathways to new regions or dividing
populations into isolated remnants. Here, we discuss the implications of the continuous
connection and disconnection of populations in terms of their degree of historical connectivity.
We introduce the ‘flickering connectivity system’ and the ‘mountain fingerprint’ that describe the
temporal and spatial expression of habitat connectivity in tropical mountains as a biogeographical
response to repetitive climate changes. We illustrate these concepts through palaeotopographic
reconstruction of alpine biome distributions in the northern Andes to exemplify the temporal and
spatial dynamics that forced rapid evolutionary processes. Historical connectivity is shown to
influence contemporary biodiversity on different spatial and temporal scales. We describe species
richness and endemism as a consequence of historical connectivity, where parallels are drawn
between oceanic islands and the sky islands in mountains. The continuously changing patterns of
connectivity due to Pleistocene climate oscillations appear to have influenced diversification rates
in evolutionarily recent time and are postulated to have been essential in shaping contemporary
mountain diversity.
Keywords: Species distribution, Pleistocene, flickering connectivity system, mountain
fingerprint, palaeotopographic reconstruction, sky islands
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1. Introduction
Mountains are known for their high species richness. This richness can be the result of increases
in diversity during older (mature) evolutionary radiations (e.g. Neogene) or recent and rapid
radiations (e.g. during Plio-Pleistocene). Mountainous regions in Australia and South Africa are
species rich mostly due to mature radiations, as is typical of regions that have been climatically
and geologically stable throughout the Neogene (Linder 2008). The high species richness of New
Zealand, on the other hand, is the result of recent and rapid radiations (McGlone et al. 2001).
Recent radiations are associated with the formation of new habitats as a result of recent
(Pliocene) geotectonic activity (Linder 2008).
In the Andes both older and very recent radiations have been identified. These mountains
are extremely species-rich (45,000 plant species) with a high number of endemics (45%; Myers et
al. 2000; but see Bernal et al. 2015). The geological uplift of the tropical Andes, initiated in the
Oligocene, played a crucial role in the development of biodiversity in the Neotropics. As a result
of this uplift, opportunities for colonization and diversification grew, leading to increased
allopatric speciation owing to new high elevation environments and greater topographic
complexity. The uplift also initiated the opening of a north-south dispersal route for boreotropical
lineages and the rising orographic barrier even had an effect on the environmental conditions
outside of the Andes (Luebert & Weigend 2014; Aron & Poulsen, in press). Molecular
phylogenies suggest that the different phases of the uplift of the Andes are echoed in the
divergence times for many Andean plant groups (Luebert & Weigend 2014).
Recent diversification during the Pleistocene (the last 2.6 My) also shaped the region’s
species richness. For instance, most species-level variation in birds originates after the presumed
onset of the Andean uplift (Smith et al. 2014) and several prominent species groups from the
páramos (the alpine ecosystem of the Andes) are among the fastest radiations in the world
(Sklenář et al. 2010; Madriñán et al. 2013; Nürk et al. 2013). Currently, páramos are found in
isolated formations on the mountain tops of Venezuela, Colombia, Ecuador and northern Peru,
with the vegetation mainly composed of giant rosette plants, shrubs and grasses (Luteyn 1999).
Triggers for rapid diversification during the Pleistocene are still debated, although the importance
of new habitats (e.g. Hughes & Eastwood 2006), topography (e.g. Verboom et al. 2015) and
insular environments, including islands, lakes, valleys and mountain tops (e.g. Sklenář et al.
2014), have been highlighted frequently. How Pleistocene climate change acted to further
amplify diversification and create the optimum conditions for a montane ‘species pump’ is still
poorly understood.
The Pleistocene was a period of glacial-interglacial cycles that not only influenced
species’ distributions in temperate zones but also led to major environmental disruptions for
Andean species. So how did these climatic conditions and the mountainous topography interact,
leading to favourable conditions for evolutionary radiations and diversification? And why would
the island-like settings of alpine ecosystems in sky island formations have been important for
explosive radiations? This chapter aims to review the current understanding of past spatial
dynamics of montane species and ecosystems, with a special focus on historical connectivity
using the Andes as an example. We focus on the dynamic character of Pleistocene climates under
which recent evolutionary diversifications occurred, while recognizing the importance of prePleistocene diversification and intrinsic variables (see more in Condamine et al. in press).
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2. The flickering connectivity system (FCS)
2.1 Introduction
There has been an increased appreciation of the importance of the historical processes that foster
the spatial patterns of modern diversity (Duncan et al. 2015; Badgley et al. in press), but few
studies have explored the mechanistic processes from a dynamic landscape perspective.
Mountain biodiversity most likely accumulated over several climatic cycles during the
Pleistocene (see the simulations by Colwell & Rangel 2010), through the consecutive processes
of connecting core areas, internal species mixing, disconnecting of refugia into cradles of
endemism and local extinction (Rull 2005). Therefore, we propose here that rapid diversification
and high species richness can be explained and understood through a framework we call the
flickering connectivity system (FCS). This concept describes the multi-episodic diversification of
species during the last 2.6 My through cyclical phases of connectivity and isolation of mountain
ecosystems. It builds on a ‘ghost from the past’ that suggests that historical connectivity left a
strong imprint on present diversity of species and that areas that have been more connected in the
past have higher species richness.
The FCS is a temporally and spatially dynamic system, where the temporal domain is set
by the Pleistocene climate and the spatial terrain is the mountain topography (Figure 1a). The
‘flickering’ refers to a system that moves back and forth between states by rapid or gradual
change. In our case, the flickering refers to the climate oscillations driven by variations in the
earth’s orbit (Hays et al. 1976; Abels & Ziegler, in press).
The duration and frequency of climate states did not alternate equally throughout the
Pleistocene. Only 15% of the Pleistocene consisted of warm and relatively moist interglacial
conditions, as cool-to-cold and relatively dry climatic conditions (glacials) prevailed. Extremely
cold conditions, such as the Last Glacial Maximum (LGM), prevailed during only ca. 10% of the
Pleistocene. Most of the Pleistocene (75%) was characterized by slowly cooling to full glacial
conditions (Figure 1a). During these conditions, millennial-scale climate variability of stadial
(colder) to interstadial (mild) couplets occurred worldwide (Dansgaard et al. 1993; Labeyrie et al.
2007; Bogotá-Angel et al. 2011; Urrego et al. 2016). Before 1 Ma, glacial-interglacial cycles
lasted ca. 40 ky, while after 1 Ma the cyclic duration slowed to ca. 100 ky. The latter cycle had a
higher temperature amplitude and reached warmer and colder temperatures than before (Figure
1a).
The flickering state of the Pleistocene climate caused substantial changes to plant
distributions and was undoubtedly crucial in shaping contemporary biogeography (Comes &
Kadereit 1998; Dynesius & Jansson 2000; Svenning et al. 2015). When rates of evolutionary
adaptation are slow relative to environmental rates of change, niche conservatism prevails (Wiens
2004; Pyron et al. 2015) in which species tend to retain similar environmental niches over time
and therefore follow temperature oscillations by shifting their geographic range. Species
responded individualistically but similarly to changing environmental constraints, forming
altitudinally restricted associations, called ecosystems (Golley 1993), biomes (Woodward &
Cramer 1996), altitudinal belts (Tosi 1964; Van der Hammen 1974) or life zones (Holdridge et al.
1971). These associations were influenced by changing temperatures, precipitation and
atmospheric pCO2 during the Pleistocene’s alternating glacial and interglacial intervals.
Subsequently, cold-adapted species and alpine ecosystems shifted downslope during glacial
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periods and upslope during interglacials (Figure 1b). Thus, the turbulent climate history of the
Pleistocene was the pacemaker for repeated altitudinal migrations.
The mountain landscape imposed an additional set of opportunities and challenges for
species’ survival during the Pleistocene. The high variability of ridges, valleys, peaks and highelevation plateaus at different elevations (Figure 2) create, when pressured by climate
fluctuations, a complex pattern of barriers and pathways for species to disperse. Hence past
climate change and topographic complexity have been identified as the key extrinsic drivers of
species diversification (Bouchenak-Khelladi et al. 2015) and together they form the domains of
the biogeographical theatre of the Pleistocene. Therefore, the FCS builds upon these background
drivers for the integration of spatial and temporal dynamics (Figure 1a).
2.2 The flickering connectivity system in the Andes
Altitudinal migrations are often displayed in a simplified two-stage framework of an alpine
system in a fragmented state or highly connected state (Figure 1b; e.g. Ramírez-Barahona &
Eguiarte 2013). Here we expand on this framework by showing that the climate fluctuations and
the topography considered in the FCS have a very dynamic character, creating a more diverse
story than is represented by a simple two-state model.
Changes in alpine ecosystems have been reconstructed using fossilized plant material
such as pollen (e.g. Van der Hammen et al. 1973; Hooghiemstra & Van der Hammen 2004;
McCormack et al. 2009; Brunschön & Behling 2010; Flantua et al. 2014; Hao et al. 2016).
Palaeogeographical reconstructions based on very long pollen records, such as cores from the
mountain lakes Fúquene in Colombia (last 284 ky; Bogotá-Angel et al. 2011; Groot et al. 2011)
and Titicaca in Bolivia and Peru (last 370 ky, Hanselman et al. 2011), demonstrate shifting biotic
distributions during the Pleistocene. Combining palaeotopographical and palaeoenvironmental
reconstructions using GIS software can provide insights into past migration routes, degrees of
isolation due to topographic restrictions and persistence of core areas through time (Rull &
Nogué 2007; Flantua et al. 2014; Flantua & Hooghiemstra, in prep.).
Here we use a long pollen record from Lake Fúquene in Colombia (Fúquene-9C) to show
the spatial complexity of repeated connection and isolation of the páramo during the past ca. 280
ky (Figure 3). The páramo consists of an island-like biome located on the highest mountain-tops
of the northern Andes, it is the most species-rich tropical alpine ecosystem (Sklenář et al. 2014),
and is considered to be a relatively young ecosystem (Plio-Pleistocene) where numerous recent
radiations have been identified (Hughes & Eastwood 2006). The time period of the last ca. 280
ky includes two full glacial-interglacial cycles and is representative of the temporal dynamics of
the last million years, with a strong glacial-interglacial amplitude and a dominant 100 ky rhythm.
The lower limit of the páramo, the upper forest line (UFL; the maximum elevation where
continuous forest occurs; Bakker et al. 2008), shifted altitudinally over a maximum interval of
1500 m (Van der Hammen et al. 1973; Hooghiemstra 1984; Groot et al. 2011) creating a series
of very different spatial configurations of páramo distribution in the past (Figure 3).
The cooler periods (low UFL) alternated variably with warmer periods (high UFL)
during the Pleistocene (Figure 3.a-m). As a result, some spatial configurations occurred several
times over a longer period or within a relatively short period (Figure 3n). Some transitions
between configurations appear gradual (e.g. d-f around 260 ky in Figure 3n), while others are
rapid (e.g. the progression between a-m-d-m between 140-80 ky in Figure 3.n). The
contemporary páramo distribution lies above 3200 m. As can be seen in Figure 3, the present
interglacial conditions are atypical compared to most of the Pleistocene and extreme cold events,
such as the LGM, occurred several times.
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The topographic characteristics of the northern Andes allow the formation of several
large sky islands and islands in archipelagos (clusters of relatively small islands). ‘Sky islands’
refer to a range of isolated mountain peaks separated by valleys and surrounded by a ‘sea’ of
hostile environment consisting of low-elevation habitat (Warschall 1994). By analogy with
oceanic islands, the isolation of the alpine ecosystems facilitated the divergence between
montane floras and faunas, creating isolated cradles of evolution.
However, sky islands such as the páramo alternated between isolation (present day
conditions) and forming connected islands or archipelagos with increased surface area. Lowering
of the UFL facilitated páramo connectivity due to ample surface availability at mid and high
elevations (Flantua et al. 2014; Elsen & Tingley 2015). For instance, the extent of páramo habitat
was at least three times larger during the LGM than it is with today’s interglacial conditions
(Hooghiemstra & Van der Hammen 2004). Thus, the cyclic climate fluctuations caused phases
with significant increases in surface area and created massive opportunities for historical
connectivity.
2.3 Why is historical connectivity relevant?
Until now, most research emphasis has been put on phases of isolation, locations of refugia and
the identification of the role of biogeographical barriers on patterns of genetic differentiation.
However, an increasing number of studies support the idea that connectivity may have
contributed more than just vicariant barriers to modern species richness and genetic variation
(Rull & Nogué 2007; Edwards et al. 2012; Fjeldså et al. 2012; Smith et al. 2014; Duncan et al.
2015; Cadena et al. 2016; Kolář et al. 2016). In other words, diversification due to processes
related to connectivity (e.g. colonization and episodic dispersal) could have had a bigger impact
on mountain biodiversity than the isolation of populations. Here we review how different
processes intrinsic to the FCS triggered species diversification during the Pleistocene, discussing
the consequences of increased and reduced connectivity, and the triggers related to connectivity
that stimulated diversification and species richness build-up.
Signatures of past connectivity can be identified on short (decadal) time scales and long
(millennial) time scales. For instance, patches of semi-natural grasslands that are currently in an
isolated state but were connected 50-100 years ago show a higher species richness than those
patches that had a lower or no historical connectivity (Lindborg & Eriksson 2004). This legacy of
historical connectivity has been observed on a spatial scale of only a few kilometres for species
richness (Lindborg & Eriksson 2004) and genetic diversity (Ewers et al. 2013; Münzbergová et
al. 2013), but also on a global scale for fresh-water fish biodiversity (Dias et al. 2014) and
angiosperm diversity on islands (Weigelt et al. 2016). In the global cases, it is shown that the
degree of historical connectivity thousands of years ago (LGM conditions) is still reflected in
contemporary patterns of biodiversity. Hence, a key mechanism in explaining contemporary
spatial patterns of species richness is the degree of past connectivity.
Evidence of historical connectivity is also scattered throughout the mountainous
landscape. Previous states of mountain biome connectivity are evidenced by shared species in
adjacent mountain regions, such as the highest part of the páramo (súperparamo; Luteyn 1999),
that are currently highly isolated but have a trans-Andean species distribution (Sklenář & Balslev
2005). Likewise, contemporary disjunct populations in neighbouring mountainous regions can
have more genetic resemblance than those separated by elevation. This trans-mountain pattern is
common and has been observed for butterflies (Hall 2005), mammals (Patterson et al. 2012) and
birds (Arctander & Fjeldså 1994; Fjeldså et al. 2012).
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3 The components of the flickering connectivity system (FCS)
3.1 Processes and the mountain fingerprint
There are four processes inherent to the FCS that relate to the degree of connectivity:
fragmentation, colonization (dispersal), intermixing and hybridization (Figure 1c). Each process
plays a different and complementary role in maintaining richness or stimulating species
diversification. These occur in a spatially and temporarily dynamic manner influenced by the
local topography and the regional impact of climate fluctuations, and these come together in
what we call the ‘fingerprint’ of a mountain (Figure 1d). The mountain fingerprint is the
interaction between climate and topography, defining where and when each process of the FCS
occurs. It can be considered to be a unique identifier as mountains have different topographic
profiles (Figure 2), experienced different degrees of climate fluctuations, and as a result the FCS
is expressed in a distinctive manner for each mountain system.
In the following sections, we discuss each of the different processes of the FCS and their
implications for mountain biodiversity and the Andean páramo. Figure 4 exemplifies these four
processes (Figure 1c) in the Eastern Cordillera of Colombia to highlight the mountain fingerprint
between two different climate settings.
3.2 Fragmentation
Fragmentation of species distributions can occur in different ways in mountain systems. The
many river valleys, intra-mountain valleys and high-elevation ridgelines form a labyrinth of
potential hurdles and pathways for species. This complexity influences species diversity by
creating barriers and corridors. For instance, canyons influenced Andean bird diversity (e.g. Weir
2009) and frog diversity (e.g. Muñoz-Ortiz et al. 2015) by imposing a physical barrier to
overcome. Similarly, mountain ridges, such as the dry forest patches in the Central Andes,
capture species within geographically isolated patches, forming long-lasting isolated populations
at high elevations (Särkinen et al. 2012; Pennington et al. 2010) and even at remote ledges
(Sylvester et al. 2014).
An additional mechanism of fragmentation in mountain ecosystems, which is often
overlooked in the literature, is the glacial extent of ice caps on mountaintops and ridges during
glacial periods (Osborne & Benton 1996). Mountainside populations may have differentiated due
to the lack of cross-mountain gene flow, further stimulating intra-mountain endemism and
diversification. For instance, periods with extensive ice caps have been linked to bird
diversification events in the Southern Alps of New Zealand (Weir et al. 2016) and to mammal
diversification (Badgley et al. in press), showing the effect of recurring glacial fragmentation
during the Pleistocene. Diversification rates of New Zealand birds increased fivefold due to the
cyclical character of the Pleistocene climate, a pattern also observed for Neotropical birds (Weir
2006).
Small populations could have persisted on nunataks within ice shields, further
contributing to the genetic variation of a region. Evidence for in situ survival exists for species in
the European Alps (Stehlik et al. 2001; Schneeweiss & Schönswetter 2011). This means that
allopatric speciation in alpine ecosystems, such as the páramo, probably occurred during both
glacial (cross-mountain isolation) and interglacial (island top isolation) periods. This dual role of
Andean topography, summarized in Figure 4, likely was a doubly reinforcing factor of
Pleistocene páramo species radiations.
Restricted gene flow due to topographic barriers led to reproductive isolation and genetic
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drift. As a result, geographically isolated allopatric populations acquired unique and high genetic
variation among populations giving rise to high levels of endemism (Steinbauer et al. 2016). For
example, refugia identified in the Alps show patterns consistent with areas known for their high
levels of endemism and disjunct plant species (Schönswetter et al. 2005). In contrast to the
Andean páramos that expanded during glacial episodes (Figure 3), European mountain plant
habitats were pushed into restricted peripheral sky islands towards the border of the European
Alps (Schönswetter et al. 2005). Without a doubt, glacial refugia in the Alps played a key role in
shaping biogeographical patterns of montane species endemism (Tribsch & Schönswetter 2003;
Tribsch 2004; Fauquette et al. in press).
The isolation of populations on multiple mountaintops, forming sky islands for short or
extended periods of the Pleistocene, stimulated parallel radiations, population differentiation and
inter-mountain endemism. A fragmented landscape is a key driver of radiations (Hughes &
Eastwood 2006; Qian & Ricklefs 2000). Unsurprisingly, radiations of many plant lineages have
occurred in topographically heterogeneous regions, e.g. European Alps (Gentiana, Globularia
and Soldanella; Kadereit et al. 2004), Andes (Lupinus; Hughes & Eastwood 2006;
Campanulaceae; Lagomarsino et al. 2016), Rocky Mountains (Penstemon; Wolfe et al. 2006),
Himalaya (Saussurea; Wang et al. 2009) and Drakensberg (Macowania; Bentley et al. 2014).
However, fragmentation and isolation alone are not enough to explain the evolutionary dynamics
during the Pleistocene and the contemporary high species richness (Benham & Witt 2016).
3.3 Colonization
New habitat or space becoming available for colonization (the establishment after dispersal) is a
key precursor of recent and rapid radiations (Linder 2008) and is therefore an important process
of the FCS. New habitat can appear due to geologically recent mountain uplift and climate
fluctuations that facilitate (re-)colonization of suitable habitat. Due to the periodic nature of
Pleistocene climate variations, colonization and subsequent population expansions occurred as
episodic or cyclical events. Temporary connectivity facilitated colonization of new areas after
which allopatry further induced differentiation (Smith et al. 2014; Cadena et al. 2016). Species
may also respond to new habitat with increased diversification rates, as has been observed for the
high rates of radiation in Ericaceae (Luteyn 2002). Thus, colonization played a significant role in
stimulating diversification (Pennington & Dick 2004).
Just as Weir et al. (2016) were able to relate cold conditions and glacial fragmentation to
diversification events in birds, colonization events and diversification can be linked to climate
conditions becoming optimal for connectivity, as shown by Collevatti et al. (2015) in the
Brazilian highlands. Also, cross-Andean movements of bird taxa were facilitated by shifting
climatic conditions (Figure 4d) and as a result each episodic dispersal across the Andes caused
the formation of independent lineages on either side of the mountain (Miller et al. 2008).
Similarly, Collevatti et al. (2015) observed an increase in the number of plant lineages within the
short time frame of the Pleistocene due to connectivity driven colonization. Thus, climate change
was not only a driver of species diversification because it led to habitat fragmentation, but also
because it connected habitats and created new habitats to be colonized.
Interestingly, mountains that are old (e.g. Cape Fold Mountains, South-Africa, and the
Great Dividing Range, Australia) display only a few or no recent and rapid radiations (Linder
2008). Due to the fact that there have been no active geological processes during geologically
recent times to create new topographies, and as the topography itself has been eroded, the
mountain fingerprint (Figure 1d) is ‘flattened’ and fluctuating climate conditions lack the
topographic complexity pairing needed to stimulate radiations through new habitat and
colonization.
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New habitats are important for radiations but are not sufficient preconditions on their
own (Linder 2008). Even if new habitat is potentially available through physical connectivity,
differences in dispersal ability result in different biogeographic patterns among species
(Dobrovolski et al. 2012; Papadopoulou & Knowles 2015a). Dissimilarities in dispersal abilities,
the degree of connectivity and the directionality of patterns of dispersal all contribute to the
complex patterns of beta diversity and phylobetadiversity (phylogenetic relatedness across space;
Graham & Fine 2008). Additionally, the randomness of long distance dispersal events,
independent of propagule type, adds to the intricacy of the biogeographical picture researchers try
to assemble (Pennington et al. 2006). What is clear, however, is that within the FCS a vast
number of colonization opportunities arise, fuelling diversification.
3.4 Intermixing
Many sky islands formed, separated and reconnected through repeated pulses of expansion and
contraction. This spatial effect is comparable to the shifting areas and connectivity of oceanic
islands driven by sea-level change, emphasizing the high resemblance between oceanic islands
and sky islands. Interestingly, both systems are known to show rapid and recent radiations (see
overview in Hughes & Atchison 2015). Furthermore, both boundaries are sharply defined,
causing dispersal limitations, and are temperature dependent: higher temperatures during
Pleistocene interglacial periods correspond to a high sea level and high UFL position. During
glacials, sea levels were roughly 120 m lower than they are at present (e.g. Rijsdijk et al. 2014;
Spratt & Lisiecki 2016), while the UFL was between ca. 900 m (New Guinea) and ca. 1800 m
(East Africa) lower than at present (Coetzee 1967; Flenley 1979). These glacial-interglacial shifts
in elevation and isolation have been widely identified as key features of the biogeographical
history of insular systems, but their relationship to modern biodiversity and evolutionary
radiations remains incompletely understood.
The isolation and fusion of oceanic islands caused multiple episodes of allopatric
speciation and intermixing of species composition (Ali & Aitchison 2014; Gillespie & Roderick
2014). Intermixing (Figure 1c) facilitated by increased connectivity after isolation has been
shown to be an important predictor of present diversity patterns on islands. Historical
connectivity between islands facilitated intermixing of once single-island endemics into
archipelago endemics, increasing the overall species richness of connected islands (Weigelt et al.
2016). Especially in clusters of islands, species diversity benefitted from parallel radiations on
isolated islands during interglacial isolation, while subsequent reconnection during glacial
periods had intermixing and possibly also hybridization as a consequence (Ali & Aitchison
2014). Thus, previously connected islands are characterized by higher total species richness,
lower single island endemism and higher levels of compositional similarity.
The described legacy of historical connectivity on decreased endemism has been observed
for freshwater fish diversity (Dias et al. 2014) and on sky islands. An example of the latter is
observed in the Andes: in Ecuador the downward shift during glacial periods connected most
superpáramos, possibly causing the relatively low number of single-sky island endemics and high
number of trans-Andean species (Sklenář & Balslev 2005). In the same downward shift of
Colombian superpáramos, topographic barriers inhibited an increase of connectivity between sky
islands and as a consequence a high number of single-sky island species is observed. The lack of
historical connectivity in Colombian superpáramos is confirmed by the extremely low genetic
diversity within populations and the high genetic differentiation among populations (Sklenář &
Balslev 2005).
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The spatial configuration of islands in the past contributes to a higher species richness
than is expected from the current settings. Small islands located between two bigger islands or
that have been part of a larger connected island in the past can still display the legacy of the
historically connected state, and thus disobey the expected species-area relationship. As a result
of historical connectivity, small sky islands can be more species-rich than their larger
counterparts, which can confound relationships between endemism and montane land area that do
not account for historical effects (Adams 1985; Sklenář & Balslev 2005).
3.5 Hybridization
Historical connectivity not only increases plant species richness through intermixing, but also
through hybridization after reconnection (Ali & Aitchison 2014; Gillespie & Roderick 2014).
Hybridization (Figure 1c) can contribute to the overall species richness through the formation of
new hybrid taxa and thus new lineages alongside the parental taxa. A causal relationship between
Quaternary climatic changes and the secondary contact of previously isolated populations and
sympatric speciation via hybridization is observed in mountain regions such as the Alps (Comes
& Kadereit 1998; Kadereit 2015). Evidence is also found for the emblematic stem-rosette plants
of the Asteraceae family, for which the columnar life-form of the genus Espeletia (referred to the
local name frailejón) stands as an example. Together with seven other genera, Espeletia forms the
Espeletiinae (Cuatrecasas 2013; Hooghiemstra et al. 2006), which have undergone many
radiations (Madriñan et al. 2013) and frequent hybridization at numerous contact zones
(Diazgranados 2012; Diazgranados & Barber 2017). Importantly, there is evidence of extensive
gene flow and hybridization in páramos plant species (e.g. Loricaria; Kolář et al. 2016; Espeletia,
Diazgranados 2012; Diazgranados & Barber 2017; Hypericum, Nürk et al. 2013), suggesting a
relationship between connectivity, hybridization and radiation.
Importantly, hybridization at contact zones (the melting pots of genetic material between
former isolated populations) concentrates high species richness and facilitates species radiation
(Petit et al. 2003; Grant 2014). Clusters of these contact zones between connecting refugia are
concentrated at mountain ridges, cross-mountain passes and mid-elevation corridors. These
clusters have been identified for mountains in North America (Swenson & Howard 2005) and
Europe (Hewitt 1996; 1999). For example, based on contemporary floristic evidence it can be
inferred that biogeographical boundaries in the Alps are remnants of refugia reconnection points
(Schönswetter et al. 2005).
High levels of genetic diversity in refugia may reflect more stable population dynamics
and larger population sizes. This diversity may also have accumulated over several climatic
oscillations, not necessarily because they were stable climatically (see páramos example, which
was highly dynamic), but because they concentrated diversity from previously connected larger
systems. This emphasizes the need to not only identify the locations of past refugia, but also
where historical connectivity allowed exchange of genetic material between previously isolated
populations, possibly allowing hybridization and consequent co-evolution.
In summary, the FCS incorporates four different processes that all have been identified as
drivers of diversification and that together have led to the accumulation of species in biodiverse
ecosystems. Assessing the northern Andes in light of this framework shows repeating patterns of
historical connectivity of sky island archipelagos that might have significantly contributed to the
high species richness and radiations there. The reason that many sky island complexes have high
species richness and recent diversification (Hughes & Atchison 2015) is postulated to not only be
due to phases of isolation but also because of the opportunities provided through repeated
historical connectivity.
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4. Perspectives on palaeogeographic reconstructions and historical
connectivity
Reconstructing evolutionary history and the governing processes behind diversification in
complex landscapes is a difficult task, but through inter-disciplinary approaches and techniques
the biogeographic history is slowly untangled. A complete review of future guidelines of
palaeoreconstructions goes beyond the scope of this paper, but it is clear that many opportunities
and challenges lie ahead (see review for Neotropical plant evolution in Hughes et al. 2013). Here
we briefly mention the value of spatial reconstructions in assembling the biogeographical picture
of mountain areas on a global scale and the possible role historical connectivity plays through
time.
Spatially explicit models that consider historical connectivity have strong explanatory
power for species turnover dynamics across a region (Graham et al. 2006). Differences in plant
species richness between tropical sky islands (Andes, East Africa and New Guinea; Sklenář et al.
2014) and oceanic islands (Japanese archipelago; Wepfer et al. 2016) have already been
attributed to their degrees of historical connectivity. When habitat connectivity is calculated
across a series of time periods under different environmental conditions, a significant relationship
with contemporary biodiversity emerges (Graham et al. 2010). Assessing alpine ecosystems from
different mountain regions in light of this framework can provide crucial insights into the legacy
of climate and topography as summarized by the system’s mountain fingerprint (Figure 1d).
Due to the uniqueness of each mountain’s topography (Figures 13.1d and 13.2), the
divergence times of radiations during the Pleistocene are mountain-, biome- and probably even
sky island-specific. Expectations of concordant timing and patterns of diversification among
mountain systems are unrealistic due to the inherent heterogeneity among sky island systems
(Papadopoulou & Knowles 2015b). Genetic diversity patterns are expected to be dissimilar
depending on which sky island species survived the Pleistocene (Bidegaray-Batista et al. 2016).
Therefore, it is expected that different diversification histories exist for different biomes as well
(Pennington et al. 2006; Hughes et al. 2013).
Creating palaeogeographic maps for different moments during the Pleistocene, as has
been done for oceanic islands (Warren et al. 2010; Ali & Aitchison 2014; Rijsdijk et al. 2014), is
key to understanding a region’s degree of connectivity through time and space. Palaeogeographic
reconstruction along different altitudinal gradients also improves our understanding of the
differences in diversification between lower-and upper-elevation biomes, as has been suggested
by studies in the Alps (Kropf et al. 2003) and Venezuelan tepuis (Rull & Nogué 2007; Nogué et
al. 2013; Huber et al. in press).
Palaeo-niche reconstructions can provide additional insights into historical connectivity
and increase our understanding of supposed dispersal barriers. Palaeo-niche models can show
where and under which climatic conditions topographic barriers were removed. For example,
genetic flow has been reconstructed between sister clades on either side of a steep topographic
depression between the Venezuelan and Colombian Andes (Gutiérrez et al. 2015). Furthermore,
the combination of palaeo-niche modelling with phylogeography is a powerful approach for
reconstructing historical connectivity (Maguire et al. 2015), and recent studies are rapidly adding
to our understanding of the current biodiversity in relation to past connectivity (e.g. Sobral-Souza
et al. 2015; Melville et al. 2016; Thomé et al. 2016).
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5. Conclusions
Climate change and topography are key abiotic, extrinsic variables that influence species
diversification (see Condamine et al. and Graham et al. (in press) for more detail). Here we focus
on the consequences of the reshuffling of species distributions in mountain landscapes,
emphasizing how historical connectivity plays an important role in species diversification.
The present interglacial patterns of diversity and environments often serve as the implicit
or explicit backdrop to most hypotheses developed to explain contemporary biodiversity.
However, historical connectivity played an important role in contemporary spatial biogeographic
patterns, particularly in terrestrial and oceanic systems characterized by repeated changes
between high and low connectivity. The fact that different disciplines are increasingly discussing
the importance of historical mechanisms in mountain diversity opens up the possibility of more
inter-disciplinary hypothesis building. In this chapter, we showcase historical connectivity as an
important historical mechanism underlying Pleistocene radiations, and posit that the combination
of environmental heterogeneity, topographic complexity, and Pleistocene climatic fluctuations
created a ‘flickering connectivity system’ in which alpine sky islands connected and disconnected
at different moments in time and at different locations. In particular, the taxa from the Andean
alpine biome, the páramos, have shown exceptionally recent evolutionary radiations, which we
link to past extended phases of high connectivity. The dynamics of historical connectivity in
archipelago formations are powerful forces in creating and explaining the spatially complex
patterns of biodiversity (Gillespie & Roderick 2014).
Due to topographic complexity, the effect of climate oscillations on diversification is not
expected to be spatially nor temporally synchronous between mountains, within mountains, or
between species. Insights derived from palaeotopographic reconstructions, as exemplified here,
provide the necessary platform for new hypothesis development on biological evolution in sky
islands and the intriguing interplay between climate and geology.
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Figures
Figure 1. Conceptual framework of the flickering connectivity system. a) The background
drivers of speciation are the large Pleistocene climate fluctuations and highly complex montane
topography. The δ18O curve is based on composite stable oxygen isotope ratios from benthic
foraminifera and is an indicator of global ice volume and temperature (Lisiecki & Raymo 2005).
b) Altitudinal migrations of hypothetical high mountain biota shown in a simple two-phase
setting reflecting warmer and cooler conditions. c) Schematic representation of the intrinsic
processes of the flickering connectivity system as a result of changes in connectivity:
fragmentation (Fr), colonization (Co), intermixing (In) and hybridization (Hy). d) The ‘mountain
fingerprint’ is defined by the interaction between climate and topography. It is a unique mountain
identifier in which the processes of a) occur in a spatially and temporally complex way, and
therefor causes different timing and patterns of species diversification when comparing between
mountains.
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Figure 2. Mountain areas based on ruggedness as defined by Körner et al. 2011 (maximal
elevational distance between nine grid points of 30'' in 2.5' pixel). For a 2.5' pixel to be defined as
rugged (i.e., mountainous), the difference between the lowest and highest of the 9 points must
exceed 200 m. Figure modified after Körner et al. 2011. Numbers indicate topographic profiles of
selected mountain ranges around the world. The characteristic topography of a mountain directly
relates to the potential impact and frequency of connectivity breaks caused by Pleistocene glacial
cycles, and thus the expression of the flickering connectivity system. Each bar below a profile
indicates a 100 km distance proportional to the profile shown.
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Figure 3. Spatial reconstructions of tropical alpine systems (páramo and glaciers; black) in the
northern Andes during the last 280 ky showing the upper forest line (UFL) move between
elevations of 2100 to 3200 m (a-m). Each map represents a simplified reconstruction of the
distribution of alpine Andean ecosystems (the páramo) using a digital elevation model. Estimated
elevations of the UFL (n) are inferred from the Fúquene-9C pollen record (Bogotá-Angel et al.
2011; Groot et al. 2011). Letters in the right panel (n) correspond to the panels with different
UFL elevations. Low UFL reflects cooler periods such as the Last Glacial Maximum (LGM),
while a higher UFL reflects warmer periods (interglacial conditions, such as the present).
Different regions experience alpine system connectivity and fragmentation at different moments
in time. Some páramo areas persist continuously (resistant sky islands), while others appear and
disappear (occasional sky islands).
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Figure 4. Spatial representation of the processes of the flickering connectivity system
exemplified in the Eastern Cordillera of the Colombian Andes. The potential distribution of
páramo is shown during cooler conditions (a) and warmer conditions (b). The four intrinsic
processes of the flickering connectivity system are shown and exemplify how different processes
can occur at different locations throughout a mountain system and as a result cause a spatially
complex biogeographic pattern. The many possible intermediate configurations are shown in
Figure 3. c) Cool climate corridor of alpine species through a mid-elevation or lowland canyon.
Glaciers are seen on the mountain tops and the arrow indicates the direction of connectivity. d)
Cross-mountain corridor between populations on either side of the mountain. Alpine species are
here restricted to high elevation and connectivity is reduced.
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PREFACE
This chapter is currently under revision after first submission (with invitation to resubmit)
in Nature Geoscience as:
Antonelli, A., Kissling, D., Flantua, S.G.A., Bermúdez, M.A., Mulch, A., Muellner-Riehl, A.N.,
Kreft, H., Linder, H.P., Badgley, C., Fjeldså, J., Fritz, S.A., Rahbek, C., Herman, F.,
Hooghiemstra, H., Hoorn, C. Geological and climatic determinants of mountain biodiversity.
This chapter consists of an overview paper that addresses mountain biodiversity on a
global scale. The relationship between geology and biodiversity is explored with state-ofthe-art datasets that provide an insight into long-term landscape evolution driving
mountainous hotspots of biodiversity. The reason this chapter suits this thesis is the
complementary value of understanding the paleohistory of mountains on very different
spatial and temporal scales than addressed in the previous chapters. Chapter 7 focuses
primarily on drivers of Andean biodiversity on a relatively short time scale in geological
terms, while this chapter puts previous work into the perspective through reviewing the
importance of long-term geological processes.
To explain contemporary mountain biodiversity, the effects of geological and
environmental variables are quantified. In terms of geology, the relative importance on
species richness is evaluated by using the timing of exhumation, erosion rates, topography
and soils. What becomes evident, and not unsurprisingly, is that climate displays itself as an
important explanatory variable for every mountain system around the world. Numerous
papers have confirmed the high correlation between contemporary species richness and
environment. However, the high correlation does not necessarily explain the main
processes driving species richness. Here, the geological history is bound to play an
important role. The observed diversity-geology relationship shows a more diverse
responsiveness in different mountain systems around the world. In some cases long term
erosion is a strong predictor of mountain diversity, while in other recent erosion and
climate conditions seem to overrule historically deep time processes. The overview
provided in this chapter shows the spatial and temporal complexity of mountain building
throughout the globe and hints at the geological variables influencing the buildup of species
richness.
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Preface
Mountains are key features of the Earth’s surface and contain a substantial proportion
of the world’s species. However, the links between the evolution and distribution of
species and the formation of mountains remain poorly understood. Here, we assess the
relationship among species richness, geology and climate by integrating existing
databases and analysing erosion, relief, soil, climate, and their relation to the
geographical distribution of terrestrial vertebrates at global and regional scales. Sites
with the greatest species richness correlate with those areas that have the highest annual
rainfall and temperatures. Moreover, a link between mountain building processes and
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biodiversity is also observed, with species richness correlating with topographic relief,
erosion rates on geological timescales, cooling age and heterogeneity of soil types. This
link is prominent but under-explored, and likely relates to the feedbacks between uplift
and atmospheric circulation through time, mountain orientation and location, and their
impact on species diversification and biotic migrations. A better understanding of
biosphere-lithosphere interactions would contribute to predicting mountain biodiversity
across space and time.
Lithosphere dynamics, including rock formation, exhumation, surface uplift and relief
development, as well as related climate change and variability, create diverse environments in
mountainous regions (Box 1). Mountain building establishes topographic complexity and
creates new habitats where species evolve and diversify1,2,3. It also provides nutrients to
surrounding lowlands, increases sediment delivery and heterogeneity of soil types, affects
local and regional climates, facilitates the establishment of immigrant species, leads to in situ
speciation, and provides neighbouring areas with newly formed species 4,5, 6,7,8,9. At the same
time, biome changes linked to orogeny 10,11,12, such as formation of special montane forest
types, grassland or alpine vegetation, feed back into climatic and tectonic processes 13,14.
Biological and geological processes are therefore closely linked, although causal mechanisms
frequently remain elusive.
Recent advances in the study of Earth’s surface processes include stable isotope
palaeoaltimetry15,16,6 and continued growth of thermochronometric techniques that can be
used to constrain the rate and timing of mountain erosion17. These advances parallel new
methods and increasingly large public databases that allow the estimation of how and where
species are distributed (e.g. 18) and when and under which conditions they originated and
diversified19,20,21. Macroevolutionary, genetic and stable isotopic methods, coupled with
growing datasets on species distributions, bedrock age, soil types, palaeoaltimetry, and
climate, constitute an unprecedented opportunity to explore how geological and evolutionary
processes have interacted in Earth history22, 23.
Present-day global and regional biodiversity (Box 2) is highly correlated with contemporary
climate, especially temperature and precipitation, meaning that warm and wet climates
generally sustain the highest species richness24,25. Biodiversity is also greater in
heterogeneous environments, e.g., comprising many soil types and varied topography26,27,28,29.
Correlative analysis of present-day climate and environmental heterogeneity can explain 50–
70% of the variation in regional and global plant and animal species richness25,30.
Furthermore, strong correlations between climate and biodiversity are not only evident today
31,32,33
but have probably existed for millions of years34,35,36,37,38. However, many important
geological processes and variables have not yet been comprehensively assessed when
analysing global and regional biodiversity.
Quantifying long-term processes that underlie biodiversity patterns and dynamics is
challenging. Such processes include species diversification and dispersal, long-term
landscape evolution, and geological and climatic history 39,40,2,33,22. In addition, observed
diversity-environment relationships are often scale dependent (Box 2), and are stronger for
species with large geographic ranges than for small-ranged species whose distributions are
more strongly linked to topographic complexity than climatic factors41,42. Such narrowly
distributed species are the main feature of the outstanding diversity of mountain regions,
strengthening the case for a role of mountain building in generating high biodiversity43,2.
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Here, we explore links and feedbacks among mountain biodiversity, geology, and climate.
Many of the world’s centres of animal and plant biodiversity coincide with mountain
systems, which show contrasting orientations and continental positions (Fig. 1a). We evaluate
this apparent correlation with several previously generated geological, climatic and biological
datasets, and quantify the relative importance of climate, cooling age (the onset of
exhumation of rocks, or in other words their transport to the Earth's surface, as measured by
apatite fission-track ages), erosion rates, topography, and soil heterogeneity on species
richness. We focus our analyses on terrestrial vertebrates (including birds, mammals and
amphibians), whose global species distributions are comparatively well known (Fig. 1b), in
contrast to those of plants, fungi, invertebrates and other organisms. We find that relief,
cooling age, erosion rates and soil heterogeneity are strong predictors of mountain
biodiversity and conclude that geological processes are essential for understanding the
evolution and distribution of biodiversity at global and regional scales.
Global determinants of mountain biodiversity
We compiled a global dataset at 1° resolution reflecting the distribution of terrestrial
vertebrate diversity (Fig. 1b) as well as nine predictor variables (Table 1). These variables
were related to climate (precipitation, temperature and their seasonality) and geology
(topographic relief, cooling age, long- and short-term erosion rates, and heterogeneity of soil
types; see Methods and Supplementary Information) and used as predictors in statistical
models to explain spatial variation in vertebrate species richness (the response variable)
within and across mountain regions worldwide. We included grid cells that contained the
required geological information and lay predominantly above 500 m, thereby excluding
lowland areas (see Methods). We used multiple regression models to explain spatial variation
in vertebrate species richness as a function of the 9 predictor variables. Of the 20,866 species
for which distribution data were available, nearly half (10,340) occur in our mountain dataset.
For climatic variables, the global analysis shows that annual precipitation and mean annual
temperature are the two most important predictors of mountain biodiversity, although there is
substantial variation among individual sites (Fig. 2a). Both precipitation and temperature
exert a positive effect, i.e., most mountain species are found in places with high rainfall and
warm temperatures (Fig. 2b,c). The relationship with species richness is linear for
temperature and non-linear for precipitation, i.e., the number of species levels off above a
threshold of c. 1500 mm rainfall per year (Fig. 2b). These results substantiate previous
studies and suggest that water availability and temperature are key factors for predicting
latitudinal and elevational gradients of biodiversity for terrestrial vertebrates25,44,45,46.
Beyond climate, our analyses provide a first quantitative assessment of the relative
importance of geological factors in explaining variation in species richness across the world’s
mountains. Topographic relief, cooling age, short-term erosion rate and heterogeneity of soil
types are statistically significant predictors in the global model (Fig. 2a). The relationships
with relief, short-term erosion and soil types (Fig. 2d,f,g) are positive and linear, probably
reflecting a higher carrying capacity of biodiversity in environmentally heterogeneous
habitats29. In addition, high diversity in mountain regions is accentuated by the overlap of
widespread species, and high turnover of species with narrow distributions41. These
relationships expand our understanding of how environmental heterogeneity and species
richness are related and suggest a key role of geological processes in shaping global
biodiversity.
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Regional assessments
Around the world, mountain ranges have different geological histories, spatial configurations,
and orientation in relation to atmospheric circulation patterns, and show different biodiversity
patterns (see Fig. 3a and Supplementary Information for characterisation of all mountain
systems surveyed here). These characteristics influence temperature gradients, orographic
precipitation, seasonality, runoff and associated sediment evacuation47,48,49. In addition,
mountains form in different biogeographic settings, with different levels of pre-existing
biodiversity and regional species pools surrounding them50. Hence, species may respond
differently to the abiotic environment in different regions and determinants of species
richness at the global scale may therefore not reflect those at regional scales. We explored
this possibility through separate analyses of mountain regions for which statistically
sufficient data were available (Fig. 3b–e): North America, the Andes, Eastern Africa, and
High Asia.
In all regional models (Fig. 3b–e), climate remains the strongest correlate of species richness,
but with varying importance of each variable (precipitation, temperature, and their
seasonality) and sometimes contrasting directions of effect (positive or negative). Geological
variables are important predictors in all regions, but with varying strength and direction of
effect. Below we discuss the likely factors underlying the distinctive results for each region.
North America
Current mountain vertebrate richness (Fig. 3b, Supplementary Fig. S1) peaks in the northern
Rocky Mountains, the western edge of the Colorado Plateau, and the southern Sierra Nevada
of California. The positive relationship between annual precipitation and richness peaks at c.
600–800 mm/year (Fig. S1) and may reflect the opposing trends of high amphibian richness
in areas of higher rainfall versus high mammal and bird richness in areas of high precipitation
seasonality and lower rainfall24,51,52. Temperature range has the strongest effect among the
climatic variables (Fig. 3b). The strong positive relationship with diversity contrasts with a
negative relationship described for the lowlands51. This is likely because annual temperature
range is high over the Colorado Rocky Mountains and westward into the Great Basin, where
vertebrate richness is also high, and low along the humid Pacific coast, where vertebrate
richness is relatively low. Soil heterogeneity is the strongest geological predictor variable,
supplemented by long-term erosion and topographic relief (Fig. 3b). Long-term erosion is
negatively correlated with species richness, suggesting that areas with strong erosion have
low species richness, possibly as a result of glaciations in western North America and highly
weathered landscapes.
The Andes
Diversity is highest across the relatively young northern Andes where relief, short-term and
long-term erosion are also high (Fig. S2a). High Andean diversity is strongly correlated with
high annual rainfall, but temperature gradients and precipitation seasonality also play a role
(Fig. 3c, Fig. S2). Among geological variables, topographic relief and short-term erosion play
important roles (Fig. 3c). In the relatively young northern Andes, high diversity can be
related to mountain uplift53, which allowed the establishment and subsequent local
diversification of cool-adapted lineages of animals2 and plants54, although a connection
between diversification and orogeny is not always evident55. This area is also characterised
by many recent species radiations, commonly linked to the influence of glacial-interglacial
cycles56,57. In the older, central Andes, the orographic barrier is particularly strong, with a
warm, wet northeastern side reflecting high diversity (Fig. 3a, red colours), and a colder and
drier southwestern side reflecting low diversity (Fig. 3a, blue colours). In the southern Andes,
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precipitation patterns are opposite to those in the central and northern Andes. Predominant
advection of moisture there comes from the Pacific and creates orographic rainfall in the west
(where diversity is highest) and a prominent rain shadow, and less species of both plants and
animals in Patagonia in the east.
Eastern Africa
Species richness of terrestrial vertebrates peaks in high rainfall areas and decreases where
precipitation seasonality is high (Fig. 3d, Fig. S3). The region is characterised by many
endemic species58, resulting in high overall biodiversity (Fig. 3a). Three geological predictor
variables, namely cooling age, long-term erosion rate and soil heterogeneity, show equally
strong correlations with vertebrate species richness (Fig. 3d). This region is geologically
different to the other regions, shaped by rifting processes, widespread volcanic activity,
glaciations, and parallel uplift and subsidence59. Relatively young mountain orogeny (rifting
during the Miocene and Pliocene60 resemble the Andes, but here cooling ages are among the
highest from our global analysis, reflecting deep-time exhumation history, while long term
erosion values are relatively low61. Both are negatively correlated with biodiversity (Figs. 3d,
S3), suggesting that high cooling age and long term erosion relate to low species richness.
Echoing the geological history of young and old mountain formations, biodiversity consists
of recent radiations as well as older relict taxa62.
High Asia
The Central Asian highlands (hereafter 'High Asia') include the Qinghai-Tibetan Plateau and
the Tianshan, Hindu-Kush, Himalayan and Hengduanshan mountain regions (Fig. 3a). High
Asia harbours a high diversity of vertebrates (Fig. 3a) as well as vascular plants63. Vertebrate
diversity is highest in the southern and southeastern parts of the region, reflecting a strong
positive effect of precipitation and temperature on species richness (Fig. 3e). This region is
under pronounced influence of both South Asian and East Asian monsoons, and is dominated
by a warm, humid climate and subtropical-tropical vegetation64, which co-occurs with high
biodiversity (Fig. 3a). In contrast, the temperature extremes on the Qinghai-Tibetan Plateau,
which are reflected in high temperature seasonality, coincide with low species diversity and
explain the negative relationship between vertebrate diversity and temperature annual range
(Fig. 3e). Among geological variables, which similarly to climatic variables show large
regional variations (Fig. S5, Fig. S6), cooling age and long-term erosion are the strongest
predictors of vertebrate diversity (Fig. 3e). The highest erosion rates (long and short term) are
found where climate and topographic gradients are strongest (Himalayan and Hengduanshan
mountain regions), reflecting the strong climate-topography interaction over different time
scales. Cooling ages show a similar positive effect on species richness, indicating that
vertebrate diversity peaks in areas where environmental heterogeneity is high. Biodiversity in
this region stems from deep-time speciation due to mountain uplift and related climate
changes8 and recent diversification related to Quaternary climate oscillations65.
From patterns to processes
Our global and regional assessment of geological and climatic variables and their relation
with biodiversity highlights that i) precipitation and temperature are the most important
predictors; and ii) topographic relief, cooling age, erosion rates and soils also play an
important role. We note that all studied mountain ranges in the Inter-Tropical Convergence
Zone are perpendicular in orientation relative to atmospheric circulation, and hence strongly
alter regional and global climate. Moreover, all mountain ranges have areas with high
precipitation (Fig. S5), reflecting orographic rainfall when moist air is forced upwards over
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mountain terrain. Ultimately it is mountain building that drives regional climate, and thus the
high precipitation patterns and temperatures that shape biodiversity.
In contrast to climate, cooling ages and erosion rates vary depending on the orogenic history
of the mountains (Fig. S6a–e). For instance, cooling ages are highest in Eastern South
America, Africa and Australia (Fig. S6b) whereas high erosion (following climatic
fluctuations) is particularly evident in the northern and southern Andes, southern High Asia
and the European Alps (Fig. S6c–d). This partly reflects that convergence and uplift have
been significant in the last 10 Myr and that convergence is still ongoing, but less so in areas
with older tectonic activity. This may explain why long-term erosion has opposite effects on
species richness in Eastern Africa and High Asia (Fig. 3), and why erosion and cooling ages
show different trends in the global and regional analyses Fig. 2, Fig. 3).
To fully understand the patterns and correlative relationships identified here, we also need to
understand the underlying ecological and evolutionary processes on long and short time
scales, involving both biotic and abiotic factors66,67. Our results suggest a strong interaction
between mountains and biodiversity, which could take form in various ways and at different
stages (Fig. 4). For instance, terrain uplift occurs through tectonism, volcanism and isostasy
over millions of years. This process has affected regional climates through orographic
precipitation and elevational temperature gradients (Fig. 4a), and even global climates
through effects on global circulation patterns. As a consequence, vegetation changes along
elevational gradients9, and this creates ecological opportunities for species to adapt to
different vegetation zones. Nevertheless, how biodiversity changes along these elevational
gradients varies across mountains46 and species richness gradients might peak at different
elevations.
Biodiversity in any system —whether a mountain, island or continent— is ultimately
regulated by three processes: speciation, extinction, and dispersal68. Mountains may increase
speciation by causing genetic isolation of once connected populations, leading to an increase
in species richness (Fig. 4d). This is facilitated by the creation of novel habitats and niche
spaces that may be quickly filled by species radiations69, 70, resulting in many endemic
species adapted to particular climate regimes, soil types and vegetation belts9. Climatic
fluctuations of the Plio-Pleistocene have also led to drastic changes in mountains at temperate
and tropical latitudes. In high mountains (at latitudes and altitudes prone to repetitive
glaciations), surface processes strongly reshaped the relief through denudation and erosion.
This has increased environmental heterogeneity and created diverse microclimates, further
favouring speciation.
Species may also go extinct (Fig. 4e) as tectonic activity ceases, mountains decay and
habitats disappear due to erosion, similarly to what happens when volcanic islands and their
biota subside68. Furthermore, entire populations can be annihilated by stochastic events such
as landslides and eruptions, or if high-elevation species have nowhere to go when global
warming drives them upslope71. Mountain biodiversity can also increase with the arrival of
immigrant species from other mountain systems (Fig. 4f), either through active or passive
dispersal (e.g., flying birds or bats and the seeds they carry). Climatic fluctuations can then
trigger dispersal of populations between peaks and valleys, leading to further opportunities
for speciation by isolation and secondary contacts. Mountains may also sustain ancient
organisms that only need to move short distances to keep their preferred environment during
climate change72. Mountains thus constitute dynamic systems and act as cradles and
museums of biodiversity.
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Looking ahead
To further advance the integration of geological and biological sciences, we do not only need
more data: we also need to carry out new analyses of both biotic and abiotic parameters.
From biology, increased and higher resolution data on current and past species distributions
and diversity patterns are extremely important, focusing on poorly explored areas and lessstudied taxonomic groups, such as invertebrates along elevational gradients in tropical
mountains73. It is furthermore important to understand species’ characteristics (i.e., ecological
traits and biotic interactions) because these influence species coexistence74, affect responses
of species to environmental gradients and determine their functional role in ecosystems75.
Beyond taxonomic and functional analyses, we also need to analyse phylogenetic diversity
and the evolutionary history of organisms76.
Opportunities for the Earth sciences are equally manifold. We highlight the need for
interfacing Earth surface-processes and tectonic studies with phylogenetic techniques to
facilitate comparisons of competing hypotheses with respect to the timing of surface uplift77,
78,3
. Similarly, compilations of biologically relevant variables identified here in both past and
present environments would provide essential insights currently insufficiently integrated.
Finally, we need to establish robust palaeoaltimetry reconstructions and accurate erosion-rate
histories that take into account topographically induced feedbacks in the global climate
system, including changes in atmospheric circulation.
We thus urge geoscientists to enhance their efforts in understanding feedbacks between
topography, erosion and atmospheric circulation through time, and biologists to include Earth
surface processes and palaeoaltimetry data into biodiversity models. Integrating approaches
and data from biology and geosciences into a common research framework is still in its
infancy, but undoubtedly opens new research avenues for understanding the distribution and
evolution of life on Earth.
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BOX 1 | Mountain building, climate, and erosion
Global topography reflects the interplay of geodynamic and climatic processes that shape the
Earth’s surface. It is intimately linked to biodiversity in mountain systems through a
multitude of gradients (e.g. temperature, relief, rainfall, weathering) and through the
geographical orientation of mountains in relation to atmospheric circulation patterns.
One of the key questions among biogeographers and ecologists is: What influence do
mountain building and climate have on the evolution and distribution of species, and how can
these factors be teased apart 3, 25? This debate parallels a paradigm shift that has unfolded in
the geoscience community. For three decades, geoscientists have been wondering: Are the
highest peaks in the world formed only due to tectonic processes, or does the sedimentary
record observed around mountain belts in the world involve a positive feedback between
climate change and tectonics as a consequence of Plio-Pleistocene climatic oscillations82?
As a consequence, reconstructing topography of the world’s largest mountain ranges has
gained considerable momentum mainly through the advent of stable isotope palaeoaltimetry
(e.g.83,84,85). Available data indicate that some mountain systems such as the Southern Alps
and parts of the central Andes (e.g. 83,86) have uplifted fast and relatively recently while
others show clear evidence for Neogene (European Alps, Himalaya87, 88) or even older (e.g.
North American Cordillera; Tibet89,90) topography.
Mountains are high when the density and thermal structure of the continental crust (and upper
mantle) result in high buoyancy (i.e. high upward force exerted by the mantle). Global
topography is therefore the combined result of isostasy (i.e. floating of the Earth’s crust at an
elevation that depends on its thickness and density) with respect to the upper mantle, tectonic
processes that modify the density structure of the crust and surface processes such as erosion,
sedimentation and anthropogenic land use that shape our planet. Because of the height these
mountains achieved, they interfered with global atmospheric circulation patterns and
contributed to Plio-Pleistocene global cooling (e.g.91,92,93). Intensified erosion may have
enhanced weathering of silicate-rich rocks, fostering chemical reactions that promote removal
of CO2 from the atmosphere and storage in the sedimentary record of continental and marine
basins. This process exacerbated the intensity of long-term climate change while effectively
reshaping mountain relief. Because erosion is not necessarily uniform, with rivers and
glaciers incising valley bottoms, isostasy can induce uplift of mountain peaks while overall
elevation decreases82.
Advances in the field of thermochronology now enable geoscientists to accurately quantify
timing and rates of erosion and exhumation – and thus estimate relief formation – around the
globe94. The migration of rock towards the Earth’s surface can be measured within minerals
that preserve the timing of when thermal boundaries in the upper 10 km of the crust were
crossed. This and other recent techniques make it possible to quantify global long-term
erosion patterns with a sedimentary record of Neogene-Quaternary age (e.g.95. Meta-analyses
of global databases on erosion rates through time show a significant increase in erosion since
6 Ma, and especially since 2 Ma. These increases in erosion rates occur at all latitudes, but
mostly in glaciated terrains. Slow erosion characterises Australia and Scandinavia, and very
high rates —especially at mid-latitudes— are common in the Southern Alps, Taiwan, Papua
New Guinea, the Himalayas, the Andes and Alaska96,17.
Collectively, the interplay of surface uplift, weathering and erosion, relief development and
climate change set the stage for biological evolution on local to regional scales.
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BOX 2 | Mountain biodiversity
Biological diversity (biodiversity) describes the variation of life at all levels of biological
organization97,98. Among several available biodiversity measures, the most commonly used is
species richness, a simple count of the number of species in an area. While species richness
treats all species equally, other biodiversity measures such as (phylo)genetic and functional
diversity99. We consider the relatedness and the differences in morphological, physiological
and phenological traits of species in a community100. All patterns of biodiversity strongly
depend on the spatial scale at which they are measured, which is particularly important for
mountains (Fig. B2).
Biologists often differentiate among alpha-, beta-, and gamma-diversity101. Alpha-diversity
refers to the species richness measured at small spatial scales (such as plots, transects and
mountain tops). Beta-diversity describes the change in species composition over space, e.g.,
from one plot or one community to the other102. Gamma-diversity is the number of species in
a larger spatial unit, e.g., in an entire mountain range or a grid cell (as used in this study).
Different data sources can be used to study patterns of mountain biodiversity: (i) Range
maps, which are polygons that depict the distribution of a species, usually drawn by experts
for a particular taxon (as for the mammal and amphibian distribution data used in this study).
However, range maps are only available for a limited number of organisms, including
terrestrial vertebrates43and a few plant groups27. Range maps usually have a continental or
global extent, but they are analysed at a coarse resolution (e.g. 1º × 1º grid cells) because they
tend to predict false presences at finer resolution due to variation in landscapes and habitats.
(ii) Species inventories, which are lists of species in a given area which allow reliable
comparisons of species richness, endemism and other dimensions of biodiversity among
regions and globally30. Their spatial resolution (area covered) varies, typically from 0.5
hectare plots to national parks, but is finer than those of range maps. (iii) Geo-referenced
species occurrences from natural history collections and observations, which comprise
hundreds of millions of records in public databases (such as gbif.org, mol.org and
mountainbiodiversity.org). This data source has the finest resolution (with uncertainty in the
range of meters to kilometres), but is prone to uneven sampling activity103 and several
sources of bias104. Species occurrence records are the basis for species distribution models
(SDMs), which estimate the geographic distribution of individual species based on
environmental associations105.
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Figure B2 | The relation among alpha, beta and gamma diversity in mountain systems.
In each of the mountains depicted, an elevational transect containing six inventory plots
yields six measures of alpha-diversity (lower graph). When the species found among plots of
the same transect vary a lot (high beta; red transect), the total diversity estimated for the
mountain (gamma diversity) is generally also high (upper graph).
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Figure 1 | The world’s mountains and centres of biodiversity. a, Montane regions as
depicted from a high-resolution (ca. 1 km) digital elevation model of the Earth79. The
Greenland ice sheet is plotted in white. b, Biodiversity illustrated as the number of species of
terrestrial vertebrates (birds, mammals and amphibians) present in 1º grid cells80,18. Maps
areplotted with natural-breaks classification and a World Geodetic System projection (WGS
1984).
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Figure 2 | Global determinants of biodiversity across the world’s mountains. a, Relative importance (standardised coefficients) of
predictor variables from the global multi-predictor model across 1° grid cells within mountain regions, relating species richness of
vertebrates to climatic (blue) and geological (green) predictor variables (the direction of effect is indicated as + or -). b–g Partial residual
plots of predictor variables from the same model. Partial residuals represent the relationship between a response and a predictor variable
when all other predictor variables in the model are statistically controlled. Predictor variables are explained in the inset and in Table 1.
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Figure 3 | Regional determinants of mountain biodiversity. a, Variation in species richness of terrestrial
vertebrates for all included grid cells (n = 327) and the eight mountain regions summarised in this study.
b–e Results from analyses of four mountain regions with sufficient sample sizes (>30 grid cells),
illustrating the relative importance of each variable, as well as the relation between the predominant
geological variable and richness. b, North America; c, The Andes; d, Eastern Africa; e, High Asia. For
High Asia, cooling age and long-term erosion rate have equal predictive power and only one is shown.
See Figure 2 and Table 1 for abbreviations of predictor variables.
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Figure 4 | Mountain building and biodiversity. a, Key mountain building processes.
(Modified from106). b, Typical vegetation zones along elevational gradients (illustrated with an
example from the Andes81). c, Four main patterns of species richness change along elevational
gradients (red: decreasing trend; blue: low-elevation plateau; yellow: low-elevation plateau
with a mid-peak; brown: midpeak; modified from46. d, Speciation increases species richness,
e.g. through genetic isolation of populations and adaptation to different soil types or vegetation
zones at higher elevations9. Surface uplift leads to the formation of new habitats which can
trigger speciation and the accumulation of local endemics. e, Extinction of species (illustrated
with red crosses) decreases species richness, e.g. when mountain habitats disappear due to
erosion, landslides or volcanic eruptions, or when global warming drives species upslope
(mountain top extinctions). f, Dispersal increases species richness when new immigrant
species arrive from other mountain systems. Such immigrant lineages can then undergo local
speciation which further increases species richness9.
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Table 1 Climatic and geological predictor variables used for analysing vertebrate species
richness across the world’s mountains.
Abbreviation

Description*

Unit

PREC

Annual precipitation

mm year–1

TEMP

Mean annual temperature

°C × 10

TEMP RANGE

Temperature annual range (maximum temperature of °C × 10
warmest month minus minimum temperature of coldest
month)

PREC SEASON

Precipitation seasonality: coefficient of variation of mm
monthly values

Climate

Geology
RELIEF

Topographic relief: range in elevation

m

COOL AGE

Cooling age: mean value of apatite fission-track ages

myr

LONG EROSION

Long-term erosion rate derived from apatite fission- km myr-1
track values

SHORT
EROSION

Short-term erosion rate measured as total stream power W m-1
index weighted with precipitation data

SOIL

Number of soil types

count

*Sources of data are provided in Supplementary Table S1.
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METHODS
Distribution data
All distribution data of terrestrial vertebrates were compiled at 1º × 1º latitude-longitude grid
cells1. The global range maps of virtually all amphibians (6086 species) and non-marine
mammals (5148 species) were based on IUCN Global Assessment distributional data for
native geographic ranges2,3. Breeding distributions for 9650 non-pelagic species of birds were
extracted from a comprehensive global distribution database for all birds4. Geographic ranges
represent a conservative extent-of-occurrence of the breeding areas of species, based on
museum specimens, published sight records, expert opinion, and spatial distributions of
habitats.
Predictor variables
We used a total of nine predictor variables (Table 1 & Table S1) which we considered of
potential relevance in predicting species richness of vertebrates in the world’s mountains. The
variables reflected climate (annual precipitation, mean annual temperature, temperature
annual range, and precipitation seasonality) and geology (topographic relief, cooling age,
long-term erosion rate, short-term erosion rate, and number of different soil types). These
predictor variables are described in more detail below, and an overview with data sources is
given in Supplementary Table S1.
Climate
Climate variables (PREC, TEMP, TEMP RANGE, PREC SEASON; Table S1) were
(version
1.4,
release
3,
available
at
extracted
from
WORLDCLIM5
http://www.worldclim.org/) as mean values per 1º × 1º grid cells using ArcGIS 10.36.
Topographic relief
To quantify topographic heterogeneity, we measured relief as elevational range (RELIEF).
We used the zonal statistics in the Spatial Analyst extension of ArcGIS version 10.36 and
obtained the elevational range (maximum minus minimum altitude) in meters within each 1º
× 1º grid cell. Elevational data were available from the SRTM database at 90 m resolution
(version 4.1)7.
Cooling ages
The cooling ages (COOL AGE; Table S1) are synonymous with apatite fission track (AFT)
ages. Cooling ages provide an estimate of the time since a rock went through a given closure
temperature8 (Dodson, 1973) as it travels through the Earth’s crust. Based on knowledge of
the Earth’s crust thermal state, or using a thermal model, these can be converted into
exhumation/denudation rates at the time scale of the apparent age. In particular, cooling ages
yield information on the timing since a rock passed through the 2–5 km window (in normal
conditions, which is equivalent to c. 60°–120°C temperature) during cooling, as a result of
upper crustal tectonic and/or surface processes. AFTs are formed when charged particles are
released by the spontaneous nuclear fission of uranium 238 in apatite crystals. The highlycharged particles released by the fission reaction damage the lattice of apatite crystals. The
damage appears as linear features which are referred to as fission tracks. The number of
fission tracks in a crystal can then be used to measure the time since the formation of the
apatite grains. We used the global AFT dataset from Herman et al. (2013)9 and compared the
AFT estimates with the South American dataset from Hoorn et al. (2010)10, completing the
data where they were missing from Herman et al. (2013)9. In addition, the AFT database was
extended by taking into account other previous work11,12,13,14,15,16 which had not been
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included in the Herman et al. (2013)9 dataset. Most ages were processed using the ‘External
Detector Method17,18,19,20,21,22.It is worth stressing here that cooling ages may not necessarily
be associated with recent/ongoing tectonic or erosional events. We included cooling age as a
proxy for when at least part of a mountain range was formed (but not necessarily its surface).
This variable is thus linked to above-ground geophysical processes that could affect
biodiversity.
Erosion rates
We calculated erosion rates at two different timescales. The first one reflects long-term
erosion (LONG EROSION), i.e. acting on geological (>1 million-year) timescales, which are
defined as the average rate of erosion for a period of time >100 ka. The second variable
reflects short-term erosion (SHORT EROSION), which is measured on a human (1–10 yr)
timescale and is eventually overridden by long-term erosion.
We used a global compilation of thermochronometric data to estimate LONG
EROSION, applying two independent methods. First, steady state long-term erosion rates
were estimated using the software Age2edot23, referred to below as Brandon’s method.
Second, we used a formal inversion approach designed to interpret spatially distributed data
24,9
, referred to below as Fox-Herman’s method. We acknowledge that there are several
general limitations when using cooling ages to infer erosion rates and how they vary with
time. For instance, erosion rates derived from a single thermochronometer heavily depend on
knowledge of the Earth’s crust thermal field. In most cases, the thermal field is poorly known
and a thermal model must therefore be used. This limitation can in part be circumvented by
collecting samples at different elevations (in which case the slope of the relationship between
age and elevation provides an estimate of the exhumation rate) or using thermochronometers
with different closure temperature. Furthermore, a thermochronometric age only provides an
estimate of the erosion rate integrated over the time defined by its apparent age, and care
must be taken when comparing observations made across different timescales.
With Brandon’s method, Age2edot solves the heat transfer equation and enables to
convert an age into an erosion rate, assuming that erosion rate has remained steady through
time. The thermal field is represented by the steady-state solution for a crustal block with a
thickness L (km), a thermal diffusivity κ (km2 Myr-1), a uniform internal heat production HT
(ºC Ma-1), a steady surface temperature Ts (ºC) and an estimate of the near-surface thermal
gradient for no erosion (ºC km-1). These thermal parameters are usually estimated, at least in
part, from heat flow studies. This model does not account for transient thermal effects25 or the
3-D effects of topography26. To illustrate how this method works, Fig. S7 shows a
hypothetical example of how long-term erosion rates are related to AFT age estimates using
Age2edot (thick black line). The thin black lines show that an AFT age of 1 Myr corresponds
to a long-term cooling rate of 1.8 km Myr-1. The method was applied to the AFT data only.
Regionally available parameters as available from different scientific publications were used
in the model. A summary with the list of references from which regional parameters were
derived is provided in Supplementary Table S2.
The second method, i.e. the Fox-Herman’s method, is described in detail in Fox et al.
(2014)24 and Herman et al. (2013)9. The objective of this approach is to formally invert
spatially distributed thermochronometric data into maps of erosion rates back in time. This
method has some advantages in comparison to Brandon’s method. It exploits the information
contained in both age-elevation profiles and multi-thermochronometric systems strategies,
and it accounts for the conductive effects of topography on the underlying isotherms. The
method relies on the fact that cooling age   and erosion rates ( ) can be related through
the following integral:
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 t dt  z c
0

where zc is the closure depth, i.e., the depth of the closure temperature Tc. A one-dimensional
thermal model that solves the heat transfer equation and includes a spectral solution for the
effects of topography on the shape of the isotherms enables to estimates the thermal field.
The depth of closure temperature is computed by extracting the cooling history of each
sample and using the Dobson’s equation25. Here four thermochronometric systems were
included, as explained in Herman et al. (2013)9. To obtain a useful numerical solution for
equation (1), Fox et al (2014)24 and Herman et al (2013)9 discretise the integral, in terms of a
summation, in which erosion rate is parameterised as a piecewise constant function over fixed
time intervals. A thermochronometric age is thus represented by a linear equation, and a suite
of n thermochronometric ages, of this way becomes a linear system of independent equations:
A  zc
In this last, zc is the vector with n different closure depths,  is a vector with unknown
erosion rates and A is a matrix of cooling ages. Using the regularization method Fox et al
(2013) solved the under-determined inverse problem. They suppose that erosion rates are
correlated in space by means of a covariance matrix C. This last matrix is constructed for all
time intervals using the horizontal distance (d) between data points (i,j) and the correlation
function:
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where  is a specified correlation length (30 km). The solution to the inverse problem for the
erosion rate  is (24, 9)
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 pr is the a priori expected value for the erosion rate and C is a diagonal matrix with the
estimated data uncertainty.
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By defining the resolution matrix R as:
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it is possible to evaluate the correction to the prior obtained model; R is integrated across the
spatial dimensions.
Once the erosion rate is calculated for an area, the results were spatially interpolated
on a regular grid to limit sampling biases. This was done for different time intervals 0–2 Ma,
2–4 Ma, 4–6 Ma, 6–8 Ma, 8–10 Ma, and 10–12 Ma, termed here Avg_HERMXY (where XY
represents the interval X–Y). It is not possible to extend beyond 12 Ma because this
introduces a considerable degree of uncertainty9. An average long-term erosion rate
(Avg_HERMER; km/Ma) was finally calculated for the interval between 12 and 0 Ma.
Both long-term erosion rate estimates from Brandon's method and the average longterm erosion rate derived from Fox-Herman’s method (Avg_HERMER) were strongly
correlated (Spearman rank correlation r = 0.92). Both long-term erosion rates were tested in
the multi-predictor regression models (see below) and resulted in qualitatively similar results.
Moreover, all long-term erosion rates derived from Fox-Herman's method for a specific time
interval (0–2 Ma, 2–4 Ma, 4–6 Ma, 6–8 Ma, 8–10 Ma, 10–12 Ma) were highly correlated
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with each other and with the average long-term erosion rate from Fox-Herman's method
(Spearman rank correlations r > 0.90). We therefore only present results using the average
long-term erosion rate derived from Fox-Herman's method (Fig. 2 and Fig. 3 in main text,
Supplementary Table S3).
For the calculation of short-term erosion rates (SHORT EROSION), we used the total
stream power (TSP) as a proxy for present-day erosion rates. In general, predictions of the
intensity of short-term erosion can be estimated using the erosion-index approach27,28 . The
erosion index can be calculated in different ways as a function of stream power, which is the
rate of potential energy expenditure by flowing water. This concept has been used extensively
in studies of erosion, sediment transport, and geomorphology as a measure of the erosive
power of rivers and streams29,30. Stream power is commonly described as the capacity for
flowing water to carry out geomorphic work31. It is a gravitational potential energy that acts
as the driver for the fluvial system. This energy is converted into kinetic form through the
downslope flow of water, where due to the conservation of energy; any energy lost due to
falling must be converted in to another form32. This transformed energy is what has the
potential to erode channel beds or transport sediments.
For our purpose, we calculated the short-term erosion rate as TSP following refs27,33 as:
e  k Am S n

(1)

where e is the local incision rate, A is upstream drainage area (used as a proxy of discharge),
S is local slope, and m, n and k are constants. The parameter k is mainly related to bedrock
erodability. Assuming that the lithology for different areas is uniform (i.e, k = 1), we
incorporated spatial variations in precipitation P in order to study their influence on spatial
variability of the erosion potential28.
TSP P    AP P S ,
(2)
where  AP  is the pixel area, P is the average precipitation from 1961 to 1990, and 1998 to
200934,35, the summation sign implies summing along the flow-lines the area in order to
calculate the flow accumulation. For the flow accumulation area (or drainage area) and the
slope (S) required for the TSPP equation (Equation 2) we used the Digital Elevation Models
(DEM) from SRTM 90 m Database 4.17. Slope values were calculated from the DEM in
degrees using the slope function within the Spatial Analyst extension in Esri ArcGIS version
10.3. The resulting slope grid was then divided by 100 to gain slopes in m/m. The calculation
of the discharge grid requires catchment area grids and discharge data. For each cell,
catchment area was calculated using the flow accumulation grid. Flow accumulation
represents the upstream area of a grid. Therefore, in a 1 m grid, flow accumulation is also
upstream catchment area in m2. For the 5 and 10 m grids, the square of each grid cell was
calculated, resulting in a reasonable estimate of catchment area for each cell on the grid in
m2. Problems arising from the neglected measurement of diagonally contiguous pixels are
considered negligible, because the DEM was corrected using the fill method in Esri ArcGIS
version 10.3 before initiating calculations.
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Soils
We obtained an estimate of soil heterogeneity (SOIL) per grid cell. This was calculated as the
number of soil types present in each 1º × 1º grid cell as derived from a new global dataset of
soil information36. The data was obtained by using the FTP interface (ftp.soilgrids.org) to
access the 1km global grid of soil data based on the World Reference Base (WRB) for soil
resources37. We used the variable that describes the taxonomic group of the WRB
classification, version TAXGWRB_02_apr_2014. For each grid cell the number of different
taxonomic soil groups was calculated using the ArcGIS Spatial Analyst tool.
Statistical analysis
Global dataset
A total of 501 grid cells were initially available for the global analysis. These grid cells
contained ≥80% of area above 500 m and information on all variables, i.e. vertebrate species
richness, climate, and geology. However, the number of available estimates of cooling age
(i.e. COOL AGE) per grid cell varied considerably (median = 5; range: 1–252). To increase
the reliability of the statistical analyses and the results, we only included those cells in the
global analysis that contained ≥3 cooling age estimates per grid cell (n = 327 grid cells).
These grid cells covered all major mountain regions of the world (Figure 3 in main text) and
showed a large variation in vertebrate species richness, climate, and geology (Supplementary
Table S3).
Regional datasets
For the regional analyses, sample sizes (i.e. number of 1º grid cells) were smaller than in the
global dataset because regions represent a subset of the global pool (compare Figure 3 in the
main text). Applying the same criterion as in the global dataset (i.e. including only grid cells
with ≥80% of area above 500 m and with ≥3 COOL AGE estimates) allowed sample sizes to
be >30 grid cells in North America (n = 32), High Asia (n = 107), the Andes (n = 57) and
Eastern Africa (n = 32). We therefore implemented separate analyses similar to the global
model only for those four regions.
Regression models and data transformations
We built a global as well as separate regional multivariate (ordinary least squares, OLS)
regression models with vertebrate species richness as response variable and the 9 climatic and
geological variables as predictors (Table 1). The response variable (vertebrate species
richness) was always log-transformed in all statistical analyses. Additionally, the predictor
variables long-term erosion rate and the short-term erosion rate were log-transformed to
linearize relationships with the response variable, and to improve homoscedasticity. Nonlinear relationships between the predictor and response variables were accounted for by
adding second-order polynomials, based on the Akaike Information Criterion (AIC) and
ANOVA comparisons between models with and without polynomials38. All predictor
variables were scaled to a mean of zero and variance of 1 before the analysis to make model
coefficients comparable. Residuals of models approximated a normal distribution.
We used an information-theoretic model selection based on AIC39,38 with separate
multi-predictor models for the global and the regional dataset, respectively. Before model
selection, full multi-predictor models (i.e. including all nine predictor variables) were
examined for multi-collinearity using Variance Inflation Factors (VIF). Predictors with high
VIFs (i.e. VIF ≥ 10) were removed before model selection. Partial residual plots of each
predictor variable were then examined to ensure homogeneity of variance. Using the step()
function in the R software (https://www.r-project.org/), a model selection was then performed
with the Akaike Information Criterion (AIC) to derive a minimum adequate model AIC39,38,
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both globally as well as separately for each region (i.e. the best model, having the smallest
number of predictor variables and still a high explanatory power). For these minimum
adequate models, we report the standardised coefficients of each predictor to compare the
relative importance of predictor variables in explaining vertebrate species richness.
Spatial autocorrelation
We tested for the presence of spatial autocorrelation in the residuals of the multi-predictor
OLS models because spatial autocorrelation could affect the interpretation of regression
models40. We used Moran’s I values (calculated with the four nearest neighbors) to quantify
residual spatial autocorrelation. Because Moran’s I values were significant for the OLS
model residuals (Supplementary Tables S4 and S5), we implemented spatial simultaneous
autoregressive (SAR) models to account for residual spatial autocorrelation 41. SAR models
supplement OLS regression with a spatial weights matrix that accounts for spatial
autocorrelation in model residuals. We used a SAR model of the error type with a rowstandardization for the spatial weights matrix41. We defined the neighborhood of the spatial
weight matrix with the four nearest neighbors. For the SAR models, we quantified the
explained variance of the environmental predictors (R2PRED) and the total explained variance
(R2FULL) of the full SAR models (including environmental predictors and the spatial weights
matrix)41. This was done using pseudo-R2 values, calculated as the squared Pearson
correlation between predicted and true values41. We present the results from the OLS models
in the main text, and the results from the SAR models in the appendix (Supplementary Tables
S4 and S5) because accounting for spatial autocorrelation did not qualitatively change our
main results (in terms of relative importance of predictor variables). All statistical analyses
were done in RStudio Version 0.99.902 (https://www.rstudio.com/).
Limitations of the analyses
Besides the general limitations in terms of data availability, completeness and biases
mentioned above, we acknowledge that our analyses are correlative and that causality cannot
be confidently established. We further emphasize that spatial patterns and analyses of species
richness vary with spatial scale42 and encourage future analyses at different spatial resolutions
and extents, provided that appropriate biological data allow meaningful analyses at such
spatial scales. Finally, we note that correlative analyses of continental and global species
richness patterns have previously been criticized because they tend to give a high importance
to climatic rather than topographic predictor variables when compared to macroecological
null-models43,44 or spatially explicit Monte Carlo models45. This is less likely a problem in
our analyses because we focus on mountain regions and do not include grid cells from
lowlands which are typically dominated by wide-spread species compared to grid cells in
mountains where small-ranged species predominantly occur43,45.
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SUPPLEMENTARY INFORMATION
I. Mountain regions surveyed
Below we provide a brief and introductory characterisation of the mountain regions
considered for this study (Fig. 1 and Fig. 3), including key references on their
orogeny, configuration, and abiotic and biotic settings. The length of these
descriptions varies due to differences in the available literature. Similarly, only four
regions (North America, the Andes, Eastern Africa, and High Asia) had enough
available data to allow statistical analyses of species richness in relation to climate
and geology.
North America
Mountain ranges in North America show a strong longitudinal gradient in relief, with
a mountainous western region (North American Cordillera; the focus of our analysis)
that has been tectonically active since the Cretaceous, mainly through strike slip on
the San Andreas and extension in the Basin and Range province, with major changes
to the landscape over the last 40 Myr1. The extensive eastern region (Appalachians;
not included in our analyses) comprises the craton and the eroded remnants of
Palaeozoic orogenies. The Rockies and Front Range in Colorado are currently
inactive. The Rockies in Canada show some convergence2. Steep bioclimatic
gradients between desert basins and rugged mountain ranges characterise the montane
and intermontane regions. Coastal ranges along the Pacific capture high levels of
precipitation year-round and support some of the highest-biomass forests in the
world3.
Europe
High topographic complexity characterises much of southern Europe and adjacent
Anatolia, as well as western Scandinavia. The major mountain belt—including the
Alps, Carpathians, and associated ranges north of the Mediterranean Sea— resulted
from orogenies in the late Mesozoic and middle to late Cenozoic4 and run east-west,
serving as orographic and dispersal barriers. Mountain vertebrate richness in Europe
peaks in the Pyrenees, the western Alps, and the Balkans, and is lowest in
Scandinavia.
High Asia
The Central Asian Highlands (hereafter 'High Asia') extend over 4000 km and
comprise the Qinghai-Tibetan Plateau and the Tianshan, Hindu-Kush, Himalayan and
Hengduanshan mountain regions. Climate in this region has been mainly driven by
the interactions among mountain and plateau formation and atmospheric circulation
patterns. The topographic history of High Asia has been intensely studied 5,6, 7, 8 and
the key geological events are the Indo-Eurasian collision (ca. 55–40 Myr ago) and
uplift of the Himalayas (ca. 20–15 Myr ago) 9,10. Hengduanshan might have a younger
uplift history, mainly in the Pliocene11. These events contributed to strengthen the
Asian monsoon system (distinct wet/dry seasonality) in the Miocene12, 13, although a
resilient system of monsoonal circulations existed at least since the Eocene. The onset
of the monsoons was modulated by a combination of various factors, including
Himalayan and Tibetan surface uplift, and possibly also the retreat of the Tarim Sea14,
changes in global atmospheric pCO2 15 and global climate shifts including the EoceneOligocene transition 16 or general global cooling 17. Further evidence for these events
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derive from fossil flora 18, 19, 20, windblown dust provenance, oxygen isotope-based
palaeoclimate records, and climatic simulations 21, 15, 22. The Qinghai-Tibetan Plateau
forms a barrier to subtropical tropospheric airflow and pulls the Intertropical
Convergence Zone seasonally far north of the equator 23, affecting the global
distribution of heat and moisture 18,23, yet it seems to have limited influence on central
Asian moisture transport through westerly winds 24.
Australia
Australia as a low-lying continent has three key regions of elevated topography: the
Carnarvon Range in the northwest, the Macdonnell ranges in the centre of the
continent, and the Great Dividing Range, or Eastern Highlands, paralleling the eastern
coast. Although Australian mountains are not high (the highest peak is Mt Kosciuszko
at 2230 m), they range into alpine habitats, and at least in Queensland, have a marked
impact on the local climate. Mountain precipitation exhibits large variation: the
central and western mountains are very dry, compared to the mesic climate of the
Great Dividing Range in the east. The southern portion of the Great Dividing Range
was locally glaciated during the colder phases of the Pleistocene, and the region is
still associated with periglacial environments and high lake stands 25 and has frosty
winters. Highest vertebrate diversity in Australian mountains occurs in the Great
Dividing Range. Plant diversity patterns 26 broadly mirror those of vertebrates (Fig.
1), with the highest species richness associated with the central portion of the Great
Dividing Range near New England.
Eastern Africa
The geological and climatic history of eastern Africa is in stark contrast to that in
southern Africa. In eastern Africa (Supplementary Fig. 8), much of the topography
and mountain building reflects the development of the East African Rift system
(Western and Eastern Rift) during the Miocene 27. The mountains in this region are
consequently much younger than the southern African mountains, and major
mountain ranges, such as the Rwenzori, date only from the Pliocene 28.
Southern Africa
Southern Africa (Supplementary Fig. 7) is dominated by a central plateau (1000–2000
m), with the highest peaks reaching 3000 m. The plateau is separated by an abrupt
escarpment from a narrow coastal plain, which both have been in place throughout the
Cenozoic and probably since the continental breakup in the Jurassic 29. At the
separation of Africa from Gondwana in the late Jurassic, the escarpment was on the
continental margins, and rapid erosion during the Cretaceous resulted in the retreat of
the escarpment to its present position, with apparently little further retreat during the
Cenozoic 30. During this process, the Cape Fold Mountains were exhumed. These are
composed of a resistant quarzitic sandstone, and have probably retained their steep
slopes and craggy peaks throughout the Cenozoic 31. The eastern half of the
subcontinent, centred around the Drakensberg, was however uplifted by up to 900 m
during the Pliocene, increasing its topography 29. The eastern escarpment and coastal
plain are today much wetter than the western escarpment and coastal plain, and an
east-west aridity gradient extends across the central plateau 32. The distribution of
vertebrate diversity follows the west-east gradient of increasing precipitation and a
southeast to northwest gradient of increasing temperature. The gradual aridification of
the western half of the subcontinent since the middle Miocene 33, 34 has led to the
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establishment of a summer-dry and winter-wet climate at the southwestern tip of the
continent 35. The huge plant diversity of southern Africa 36, especially the Cape flora
which contains an extreme level of endemism, has been linked to this Mediterraneantype climate, topographic barriers (resistant sandstones), and long-term geological and
climatic stability 37, 38. The low vertebrate diversity in the southwestern part of the
subcontinent, from southern Namibia to Port Elizabeth (the winter-rainfall region),
could be caused by the dominant sclerophyllous vegetation.
Eastern South America
The mountains of eastern South America are generally older and lower than the
Andes, ending their orogeny around 18–15 Myr ago 39 and reaching today less than
half the elevation of the highest Andean mountains (ca. 2,900 m vs. ca. 7,000 m).
There is a precipitation gradient from the coast to inland reflected by a transition in
ecosystems, from the Atlantic rain forest with dense tropical vegetation on the eastern
mountain slopes, replaced by open savanna vegetation (the Cerrado) on the Brazilian
plateau (ca. 600–800 m), and shrublands in the semi-arid Caatinga of northeastern
Brazil. The Caatinga, Cerrado, Chaco and Pantanal form together a diagonal belt of
seasonally dry vegetation that act as a biogeographical barrier for mountain and rain
forest organisms. Vertebrate diversity has not only been linked to current climate but
also to the effect of vegetation stability, in particular refugia, through Quaternary
climatic cycles 40. Mountain vertebrate diversity peaks in southeastern Brazil,
following a reverse latitudinal diversity gradient previously reported for birds 41.
The Andes
The Andes reached about half of their current elevation in the middle to late
Miocene42. This uplift resulted in an orographic barrier that greatly modified South
American climate 43,44,45. The temperature gradient is strongly influenced by the
latitudinal south-north orientation of the mountain range and by different climate
modes originating in the Pacific and the Atlantic 46. In the north, this barrier,
enhanced by its concave shape, captures the humid air masses of the Intertropical
Convergence Zone and funnels them back into the Amazon basin as precipitation 47,48,
which is further driven and maintained by forest cover 49 or reroutes air masses to the
higher latitudes. The three Andean subregions (northern, central and southern) differ
in their genesis 50 and the way in which they interact with atmospheric circulation,
resulting in a wide range of environmental conditions. Uplift of the northern Andes
peaked in the late Neogene c. 12–4 Myr ago and is linked to the Neogene collision of
the South American and Caribbean plates with the Panama Arch 51, 52, 53, which
resulted in their characteristic trifurcate pattern. Neogene sedimentary records provide
evidence of a change from high precipitation to arid conditions around 9 Myr ago,
which is linked to the changing pattern of the South American low-level jet 54, 43,55.
This process redefined landscape and biodiversity patterns in the Andes and
Amazonia and shaped the basic geographic conditions of today56. A large portion of
the Central Andes, in particular its extensive high-elevation Plateau (the Altiplano),
uplifted rapidly and extensively during two distinct phases, between 30-25 Ma and,
more notably, between 10-5 Ma 42. In contrast, the orographic history of the Southern
Andes has been less summarised by recent reviews.
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II. Supplementary tables and figures

Supplementary Table S1: Predictor variables used for analysing vertebrate species richness across the
world’s mountains.
Abbreviation

Description

Unit

Source

PREC

Annual precipitation (BIO12)

mm yr

Worldclim (version 1.4)57

TEMP

Mean annual temperature (BIO1)

°C × 10

Worldclim (version 1.4) 57

TEMP RANGE

Temperature annual range (maximum °C × 10
temperature of warmest month minus
minimum temperature of coldest month;
BIO7 = BIO5-BIO6)

Worldclim (version 1.4) 57

PREC
SEASON

Precipitation seasonality (coefficient of mm
variation of monthly values; BIO15)

Worldclim (version 1.4) 57

RELIEF

Topographic relief measured as range in m
elevation (maximum minus minimum
elevation)

Calculated for this analysis using the
SRTM 90 m database (version 4.1)58

COOL AGE

Cooling age (mean value of apatite Myr
fission-track ages per grid cell)

Calculated from different apatite fissiontrack datasets 59,56,60,61,62,63,64,65

LONG
EROSION

Long-term erosion measured as cooling km Myr-1
rate, derived from apatite fission-track
values. For more details see text and
Figure S1.

Calculated using the approach described
by Fox et al (2014)66 and Herman et al.
(2013)59, which is based on a formal
inversion of thermochronological dataset.

SHORT
EROSION

Short-term erosion rate measured as the Wm-1
total stream power (TSP) index weighted
with precipitation data, i.e. rate of energy
loss to channel bed per unit length
(energy per unit time), calculated as
TSP P 
AP P S , where AP is

Calculated for this analysis using the
SRTM 90 m database (version 4.1)58.
Precipitation data was obtained for period
1961 to 1990, and 1997 to 2009 (67,68)



-1



upstream drainage area (used as a proxy
of discharge) for each pixel, P is the
average precipitation from 1961 to 1990,
and 1997 to 2009; and S is local slope.
The summation sign implies summing
along the flow-lines in order to calculate
the flow accumulation.
SOIL

Number of soil types

count
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SoilGrids1km69

Supplementary Table S2: Sources for the regional derivation of parameters to estimate apatite

fission tracks.
Region

Areas

References for parameters

North America

Colorado, Appalachians, Sierra Nevada

70 71 72

Europe

Alps

73 74

High Asia

Himalayas

75 76
77

Australia
The Andes

Venezuelan Andes, Central Cordillera

78

Eastern South America

Altiplano Plateau

79

Southern Africa

Congo Basin, Namibia, Zambia

80
81

Eastern Africa

Supplementary Table S3: Characteristics of the global mountain dataset in relation to variation in
vertebrate species richness, climate, and geology. The dataset covered a total of 327 grid cells with
global extent (Fig. 3 in main text) and a spatial resolution of 1º × 1º. For abbreviation and units of
predictor variables see Supplementary Table S1.
Variable

Minimum

Median

Mean

Maximum

Vertebrate species richness

25

255

327

1135

PREC

8

648

719

2581

TEMP

-65

98

102

259

TEMP RANGE

104

274

281

476

PREC SEASON

10

68

69

177

RELIEF

114

2736

2930

7537

COOL AGE

0.5

51

84

368

LONG EROSION

0.01

0.11

0.28

4.99

SHORT EROSION

340

234000

2862000

101200000

SOIL

3

12

12

22
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Supplementary Table S4: Results from global multi-predictor regression models to explain vertebrate
species richness across the world's mountains. Two types of models are compared, a non-spatial
ordinary least square (OLS) regression and a spatial simultaneous autoregressive (SAR) model. The
response variable (vertebrate species richness) as well as short-term and long-term erosion variables
were log-transformed. All variables were scaled to a mean of zero and variance of 1 before the analysis
to make model coefficients comparable. Standardised coefficients, the explained variance of the
environmental components (R2PRED), the explained variance of the full SAR model including both
environment and space (R2FULL), the Moran’s I, and the p-value of Moran’s I are given. Significance of
Moran’s I was determined by permutation tests (n = 999 permutations). Significance levels: ***p <
0.001; **p < 0.01; *p < 0.05. n.s., not significant. Abbreviations and explanations of predictor
variables are found in Table 1 and Supplementary Table S1.
OLS

SAR

Coefficient

p

Coefficient

p

Intercept
PREC
PREC2
TEMP
TEMP RANGE
PREC SEASON
RELIEF
COOL AGE
COOL AGE2
LONG EROSION
SHORT EROSION
SOIL

0.217
0.455
-0.091
0.392
0.259
0.178
-0.126
0.135
0.121

***
***
**
***

n.s.
***
***
***
**
*
n.s.

*
*

0.121
0.506
-0.126
0.211
0.123
0.120
-0.039
0.041
0.120

R2PRED
R2FULL
Moran’s I

0.53
0.631

***

0.49
0.84
-0.006

***
*
***
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n.s.
**

n.s.

Supplementary Table S5: Results from regional multi-predictor regression models to explain
vertebrate species richness in the mountains of Northern America, the Andes, Eastern Africa, and High
Asia. Two types of models are compared (except for North America for which no residual spatial
autocorrelation was detected), a non-spatial ordinary least square (OLS) regression and a spatial
simultaneous autoregressive (SAR) model. The response variable (vertebrate species richness) as well
as short-term and long-term erosion variables were log-transformed. All variables were scaled to a
mean of zero and variance of 1 before the analysis to make model coefficients comparable.
Standardised coefficients, the explained variance of the environmental components (R2PRED), the
explained variance of the full SAR model including both environment and space (R2FULL), the Moran’s
I, and the p-value of Moran’s I are given. Significance of Moran’s I was determined by permutation
tests (n = 999 permutations). Significance levels: ***p < 0.001; **p < 0.01; *p < 0.05. n.s., not
significant. Abbreviations and explanations of predictor variables are found in Table 1 and
Supplementary Table S1.
North America

The Andes

Eastern Africa

High Asia

OLS

SAR

OLS

SAR

OLS

SAR

OLS

SAR

Intercept
PREC
PREC2
TEMP
TEMP RANGE
PREC SEASON
RELIEF
COOL AGE
LONG EROSION
SHORT EROSION
SOIL

0.273*
0.759**
-0.282**
1.185***
0.453***
0.256n.s.
-0.319**
0.337*

-

0.201n.s.
0.781***
-0.204*
0.371***
0.305*
0.218**
0.196*
-

0.367n.s.
1.149***
-0.360***
0.120n.s.
0.450***
0.047n.s.
0.179*
-

0.410***
0.447***
-0.423***
-0.302**
-0.290*
-0.293*
0.284**

0.422**
0.491***
-0.418***
-0.327***
-0.266***
-0.308**
0.232**

0.195**
0.408***
-0.197***
0.233**
-0.277*
0.162*
0.257**
0.257*
0.127*
0.073n.s.

0.018n.s.
0.350***
-0.100*
0.061n.s.
-0.339**
0.150**
0.073n.s.
0.152**
-0.000n.s.
-0.019n.s.

R2PRED
R2FULL
Moran’s I

0.79
0.01n.s.

-

0.78
0.40***

0.70
0.90
-0.01n.s.

0.90
0.29*

0.89
0.93
0.15n.s.

0.81
0.49***

0.76
0.94
0.019n.s.
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a

Relative importance

Species richness (partial residual)

Standardized coefficient

North America
PREC

b

c

Species richness (partial residual)

Annual precipitation (mm yr-1)

d

PREC SEASON

Precipitation seasonality (mm yr-1)

f

RELIEF

Altitudinal range (m)

g

TEMP RANGE

Temperature annual range (°C*10)

LONG EROSION

Log(long-term erosion rate [km myr-1])

e

SOIL

Number of soil types

Supplementary Fig S1. Determinants of vertebrate species richness for North
America. a, Relative importance (standardised coefficients) of predictor variables
from the regional multi-predictor model across 1° grid cells, relating species richness
of vertebrates to climatic (blue) and geological (green) predictor variables (the
direction of effect is indicated as + or -). b–e Partial residual plots of predictor
variables from the same model. Partial residuals represent the relationship between a
response and a predictor variable when all other predictor variables in the model are
statistically controlled. Predictor variables are explained in Table S1.
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Relative importance

a

PREC

b

Species richness (partial residual)

Standardized coefficient

Andes

Species richness (partial residual)

Annual precipitation (mm yr-1)
d

PREC SEASON

Precipitation seasonality (mm yr-1)

e

RELIEF

Altitudinal range (m)

c

TEMP

Mean annual temperature (°C*10)

f

SHORT EROSION

Log(short-term erosion rate [j yr-1])

Supplementary Fig S2. Determinants of vertebrate species richness for the
Andes. a, Relative importance (standardised coefficients) of predictor variables from
the regional multi-predictor model across 1° grid cells, relating species richness of
vertebrates to climatic (blue) and geological (green) predictor variables (the direction
of effect is indicated as + or -). b–f Partial residual plots of predictor variables from
the same model. Partial residuals represent the relationship between a response and a
predictor variable when all other predictor variables in the model are statistically
controlled. Predictor variables are explained in Table S1.
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Relative importance

Species richness (partial residual)

a

PREC

b

Annual precipitation (mm yr-1)

Species richness (partial residual)

Standardized coefficient

Eastern Africa

d

COOLING AGE

Mean apatite fission-track age (Myr)

e

LONG EROSION

Log(long-term erosion rate [km myr-1])

c

PREC SEASON

Precipitation seasonality (mm yr-1)

f

SOIL

Number of soil types

Supplementary Fig S3. Determinants of vertebrate species richness for Eastern
Africa. a, Relative importance (standardised coefficients) of predictor variables from
the regional multi-predictor model across 1° grid cells, relating species richness of
vertebrates to climatic (blue) and geological (green) predictor variables (the direction
of effect is indicated as + or -). b–f Partial residual plots of predictor variables from
the same model. Partial residuals represent the relationship between a response and a
predictor variable when all other predictor variables in the model are statistically
controlled. Predictor variables are explained in Table S1.
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a

Relative importance

Species richness (partial residual)

Standardized coefficient

High Asia
b

PREC

c

Species richness (partial residual)

Annual precipitation (mm yr-1)

e

RELIEF

Altitudinal range (m)

f

COOLING AGE

Mean apatite fission-track age (Myr)

g

TEMP

Mean annual temperature (°C*10)

LONG EROSION

d

TEMP RANGE

Temperature annual range (°C*10)

h SHORT EROSION

Log(long-term erosion rate [km myr-1]) Log(short-term erosion rate [j yr-1])

i

SOIL

Number of soil types

Supplementary Fig S4. Determinants of vertebrate species richness for High
Asia. a, Relative importance (standardised coefficients) of predictor variables from
the regional multi-predictor model across 1° grid cells, relating species richness of
vertebrates to climatic (blue) and geological (green) predictor variables (the direction
of effect is indicated as + or -). b–i Partial residual plots of predictor variables from
the same model. Partial residuals represent the relationship between a response and a
predictor variable when all other predictor variables in the model are statistically
controlled. Predictor variables are explained in Table S1.
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Supplementary Figure S5. Climatic predictor variables and their global variation across all
included 1º grid cells (n = 327). Maps are plotted with quantile classification and a World Geodetic
System projection (WGS 1984). See Table S1 for details on predictor variables.

Supplementary Figure S6. Geological predictor variables and their global variation across all
included 1º grid cells (n = 327). Maps are plotted with quantile classification and a World Geodetic
System projection (WGS 1984). See Table S1 for details on predictor variables.
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Supplementary Figure S7. Hypothetical age-cooling rate relationships plots derived from age2edot. Model
parameters are defined in the box. Given the cooling rate  and the temperature with respect to depth, we can
use the Dodson equation25 to solve for Tc, and for the depth of closure zc. The predicted cooling age is given
zc

by  . In practical terms, the predicted cooling age is given for each apatite fission-track (AFT) age. Hence, it
is possible to calculate the long-term erosion rate as:

 

zc
AFTage

8
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The conceptual frameworks introduced in Chapter 7 are the baseline for the methodology
developed in this current chapter, but while Chapter 7 focused on describing the
importance of each process of the flickering connectivity system (fragmentation,
intermixing, colonization, hybridization), this current chapter focuses on how to quantify
connectivity through time. Having argued in Chapter 7 that historical connectivity played in
important role in shaping contemporary biodiversity and facilitated the conditions for
evolutionary radiations to occur, in this current chapter I address this postulate by a)
proposing a quantitative methodology to estimate historical connectivity, b) showcasing
this methodology in a mountain region, c) making the link to current patterns of species
richness and endemism.

The Northern Andes stands out in several ways: High topographic ruggedness of the
landscape, relatively young mountain formation, high species richness, and it’s a region
famous for its recent and rapid diversification during the Plio-Pleistocene. Furthermore,
unique long fossil pollen records provide unprecedented insights into the dynamic history
of the high Andean biome, the páramos. As shown in Chapter 7, paleotopographic
reconstructions are strong tools to visualize processes and patterns through time. In this
chapter these reconstructions are further detailed and different connectivity metrics are
implemented to provide spatially explicit models on the Pleistocene history of the páramos.
I will begin to recapitulate the conceptual frameworks presented in Chapter 7 with some
adjustments that aim to support the methodology introduced in this chapter. Then I explain
the approach used to quantify the flickering connectivity system of the alpine biomes of the
Northern Andes. In the discussion I argue that the degree of historical connectivity is a
strong explanatory in understanding current patterns of species richness, having a high
potential to be explored in other mountain regions as well.
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Abstract
The Pleistocene climate cycles caused dramatic elevational shifts of montane species. A
topographically rich landscape had species resided in a spatially complex matrix of isolated and
connected populations which were constantly reshuffled during climate fluctuations. To
understand the spatial and temporal complexity of Pleistocene mountain dynamics we present a
new conceptual framework called the ‘mountain fingerprint’. We emphasize the overlooked role
of historical connectivity in shaping contemporary biodiversity and phylogenetic signatures. The
consecutive processes of connecting and disconnecting populations, the ‘flickering connectivity
system’, is considered key in driving evolutionary processes and explaining current patterns of
species richness and endemism in mountains. This framework is implemented in the Northern
Andes, an area characterized by rapid diversification during the Pleistocene and extraordinary
species richness. Our innovative spatially explicit models quantify the degree of historical
connectivity that the Andean alpine species, the páramos, endured throughout the Northern
Andes during the last million years of the Pleistocene. This new framework and index are
suitable to be implemented in mountains around the world and other temporally dynamic
systems, such as archipelagos of oceanic islands.
Keywords: Pleistocene, flickering connectivity system, mountain fingerprint, historical
connectivity metrics, spatially explicit models, Northern Andes.
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1. Introduction
The complexity of the geological and biological diversity of mountains has fascinated many
researchers for centuries. Mountains come in a wide range of different shapes and sizes (Elsen &
Tingley, 2015) and are the combined result of deep-time geological processes (Antonelli et al., in
review and references therein). They make a major manifestation on all continents (Körner et al.,
2011), and importantly, are among the highest biodiversity hotspots in the world (Barthlott et al.,
2005; Kreft & Jetz, 2007). Their uplift and interaction with the surrounding environments
affects not only abiotic factors, such as precipitation patterns, oceanic currents, and sediment
deposits, but also offers a novel landscape where biotic speciation intensifies and results in a
diverse pattern of species richness (Antonelli et al., in review). How and when current mountain
biodiversity came about is still largely unresolved as each mountain region seems to tell its own
story, and these are difficult to unravel and capture in one overarching explanation (Antonelli et
al., in review).
What is certain is that the Pleistocene, the last 2.6 million years (2.6 Ma) has been a
dynamic period to live in. Cold episodes caused extensive glaciers on mountains across the globe
(Ehlers et al., 2011), mountain erosion rates increased (Herman et al., 2013), and species’ ranges
shifted latitudinally and altitudinally in an effort to keep living within their individual ecological
range (Donoghue, 2008; Feeley et al., 2011; Lenoir & Svenning, 2015). It is therefore not
surprising that numerous studies have detected Pleistocene imprints on genetic variations of
montane species (Hewitt, 2000, 2004; Kadereit et al., 2004; Dynesius & Jansson, 2000).
Interestingly, mountain speciation seemed to have intensified during the relatively short
period of the Plio-Pleistocene (since 5.3 Ma). Different mountains around the world harbour
examples of very rapid and recent species diversification (radiations) making an important
contribution to contemporary species richness. Birds, plants, and insects all seemed to have
endured a common denominator or set of triggers (Bouchenak-Khelladi et al., 2015) that
stimulated diversification in different mountains around the world (e.g. Comes & Kadereit, 2003;
Byrne, 2008; Smith et al., 2014; Gu et al., 2013; Lei et al., 2014; Ye et al., 2016; Winkworth et
al., 2005).
The main causes of diversification are widely discussed in the literature, but there is a
general consensus that the combination of high topographic relief with climatic oscillations had a
profound effect in shaping montane species distributions and, as a result, the generation of new
lineages (e.g. Qian & Ricklefs, 2000; Graham et al., 2014; Mutke et al., 2014). For instance
populations in the Alps were isolated into glacial refugia (e.g. Schönswetter et al., 2005) causing
geographic vicariance and allopatric speciation, considered to be the most common mode for
speciation (e.g. Barraclough & Vogler, 2000; Turelli et al., 2001). Repeated glacial
fragmentation occurred due to extensive glaciers causing phylogeographic breaks and
consequently driving speciation (Wallis et al., 2016; Weir et al., 2016). Areas with climate
‘stability’ or long-term habitat persistence have been suggested to harbour high diversity due to
in situ population divergence (e.g. Carnaval et al., 2014; Qu et al., 2014). Many of these concepts
accentuate isolation as the main driver of species diversification leading to high species richness.
A growing body of phylogenetic studies is now providing evidence for a driver of
diversification and species richness that, while rarely discussed and quantified, has been widely
overlooked: historical connectivity. Recent studies suggested that not isolation but gene flow was
a key driver of montane species divergence (e.g. birds: Smith et al., 2014; Cadena et al., 2016;
plants: Kolář et al., 2016; Knowles & Massatti, 2017). The role of historical connectivity in
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explaining contemporary species richness also emerged in other fields of research such as island
biogeography (Rijsdijk et al., 2014; Weigelt & Kreft, 2013; Weigelt et al., 2016; Wepfer et al.,
2016), fresh water biodiversity (e.g. Dias et al., 2014), spatial reconstructions of habitat history
(e.g. Graham et al., 2006; Kissling et al., 2016), and modern landscape ecology (e.g. Lindborg &
Eriksson, 2004; Münzbergová et al., 2013).
The cyclical effect of shifting distributions on the potential surface for mountain biota with
varying degrees of isolation and connectivity is not a new concept, and various insightful
schematic representations of this ‘species pump’ have been developed (Rull, 2005; Rull &
Nogué, 2007; Winkworth et al., 2005; Ramírez-Barahona & Eguiarte, 2013; Steinbauer et al.,
2016). Additionally, comparative studies between mountains already suggested that the degree of
historical connectivity possibly explains differences in species richness and composition
(Sklenář et al., 2014). However, it remains elusive how to explain the differences observed
between and within mountains in timing and degree of diversification resulting in a spatially
diverse pattern of montane species richness.
We propose a new conceptual framework that captures the spatial and temporal
complexity of Pleistocene mountain environments, namely the ‘mountain fingerprint’. This
framework combines in an innovative manner the intrinsic characteristics of the mountain
topography (Elsen & Tingley, 2015) with our understanding of Pleistocene climate change in
mountains (Torres et al., 2013). The mountain fingerprint deepens our understanding on how
species could have proliferated under such dramatically changing conditions. By emphasizing
the integration of past phases of fragmentation and connectivity highly enriched insights into
patterns of species diversification and species richness are gained. Different from previous
studies, we quantify the degree of historical connectivity through time in a spatially explicit
model, called the ‘flickering connectivity system’ (FCS).
We showcase the framework and spatially explicit models in the Northern Andes and
specifically for the Andean tropical alpine ecosystem called páramo. It is a topographically rich
mountainous area where the individual páramos areas are currently isolated in an archipelago of
‘sky islands’ (Warschall, 1994; McCormack et al., 2009; Figure 1). Their biogeographical
history has been studied for decades (e.g. Van der Hammen, 1974; Cleef, 1979; Hooghiemstra &
Van der Hammen, 2004) and supported by long high-resolution fossil pollen records (Groot et
al., 2011; 2013; Bogotá-Angel et al., 2011; 2016; Torres et al., 2013). During the Pleistocene
páramos underwent drastic shifts in elevation, maximally 1500 m, causing substantial changes in
area and connectivity (Van der Hammen, 1974; Hooghiemstra & Van der Hammen, 2004;
Flantua et al., 2014; Sklenář et al., 2010; 2014). Furthermore, the páramo biome has become
known for its bursts of Plio-Pleistocene species diversification among plants (e.g. Espeletiinae:
Madriñán et al., 2013; Diazgranados & Barber, 2017; Pouchon et al., in review; Halenia:
Gentianaceae (Von Hagen & Kadereit, 2001, 2003; Hypericum: Nürk et al., 2013; Lupinus:
(Hughes & Eastwood, 2006; Contreras-Ortiz et al., in review; Valerianaceae: Bell & Donoghue,
2005; see overview in Hughes & Atchison, 2015). These characteristics make the Northern
Andes highly suitable to showcase the proposed framework and models on historical
connectivity. We continue to describe the mountain fingerprint and the FCS in more detail, after
which the methodology section will focus on the methodological steps to quantitatively express
these new concepts.
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Historical connectivity through space and time
The FCS embodies a temporally and spatially dynamic system, where the temporal domain is set
by the Pleistocene climate and the spatial terrain is the mountain topography (Figure 2a). The
‘flickering’ refers to a system that moves back and forth between states by rapid or gradual
change. In our case, the temporal flickering refers to the climate oscillations driven by variations
in the Earth’s orbit (Torres et al., 2013). This spatial flickering refers to the mountain topography
that undoubtedly is highly influential for mountain ecosystems (e.g. Mutke et al., 2014; Stein et
al., 2014; Verboom et al., 2015, among many others).
There are four processes inherent to the FCS related to the degree of connectivity:
fragmentation, colonization (dispersal), intermixing, and hybridization, where all, except the
first, are facilitated when periods of increased connectivity arise. Each individual process has
been identified as important for species diversification (Petit et al., 2003; Moore & Donoghue,
2007; Linder, 2008; Uribe-Convers & Tank, 2015; Weigelt et al., 2016) and the combined effect
is postulated to cause radiations. The mountain fingerprint (Figure 2b) is the interaction between
climate and topography, defining where and when each process of the FCS potentially occurs.
Contemporary species richness and phylogenetic signatures carry the legacy of the mountain
fingerprint that defined the frequency and duration of the four mentioned processes.
Surface availability, degree of elevational connectivity and duration of historical connectivity
(Figure 2c) are proxies along the elevational gradient that relate the mountain topography
characteristics with connectivity, and provide insights on where and for how long connectivity
occurred in the past. The degree of connectivity between the alpine ‘core areas’ (areas of highest
suitability) can be quantified at the level of patches and landscape corridors (Figure 2d). We first
provide background information on the drivers of the FCS, the temporal and the topographic
flickering, and how they are estimated for the Northern Andes. Then, we calculate historical
connectivity of the páramos during the last 1 Ma of the Pleistocene using pollen-based records of
Pleistocene climate change.

2. Methods
2.1 Temporal flickering
2.1.1 Pleistocene paleoclimate and mountains
During the Pleistocene there has been a temperature asymmetry: cool-to-cold and relatively dry
climatic conditions (the ‘glacials’) prevailed, while warm and relatively moist interglacial
conditions were relatively infrequent, covering only an estimated ~15% of the time (based on the
∂18O global stack record; Lisiecky & Raymo 2005). Extremely cold conditions, such as during
the Last Glacial Maximum (LGM), prevailed probably no more than ~10% of Pleistocene time.
The remaining 75% mainly showed a slowly cooling trend to almost full glacial conditions with
‘stadial’ (cold) and ‘interstadial’ (cool to mild) periods superimposed on the long-term trend
(Lisiecki & Raymo, 2005; Bogotá-Angel et al., 2011; Groot et al., 2011; Torres et al., 2013).
This means that species spent most of the Pleistocene time in a glacial regime characterized by
lower temperatures and lower atmospheric CO2 concentrations as today (Weib III & Bartlein,
1992). Warm interglacials, like the Holocene, the last 11,500 calendar years before present (cal
yr BP), can be regarded on the Pleistocene time scale as short-term anomalies embedded in much
longer, cooler and drier glacial periods.
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Paleoclimate records in the tropical parts of the continents have shown that the temperature
decreases during Pleistocene glacial periods were substantial (Flenley, 1979). In the Northern
Andes mean annual temperatures (MAT) could have been 7.5-8.8°C even up to 10°C lower as
today (Van der Hammen, 1974; Hooghiemstra, 1984; Helmens, 2004; Stansell et al., 2007; Groot
et al., 2011). Temperature decrease during cooler episodes such as the LGM, caused
considerable elevational lowering of tropical alpine ecosystems around the world, e.g. Andes (c.
1500 m: Van der Hammen, 1974; Hooghiemstra, 1984; Groot et al., 2011), Pantepui (c. 1100 m:
Rull & Nogué, 2007), East African Rift (c. 1000 m: Gehrke & Linder, 2014), New Guinea (c.
900 m: Flenley, 1979, and references therein) and New Zealand (c. 800 m: McGlone et al.,
2010).
2.1.2 Temporal flickering of the Northern Andes
Long and continuous paleoclimate records of the Pleistocene in mountains are rare. Due to a
unique combination of subsidence and sediment infill, the intramontane basin of Bogotá,
Colombia (4°N, 2550 meters above sea level, m asl; Figure 1) accumulated sediments during
most of the Pleistocene (Torres et al., 2013). The composite pollen record Funza09 (Torres et al.,
2013) represents the vegetation and climate dynamics of the past 2.25 Ma. This interval starts
with climate change driven by obliquity (41 kyr rhythm) and from ca. 0.9 Ma onwards the
eccentricity (100 kyr) driven frequency overprints the 41 kyr cycle, leading to the well-known
glacial-interglacial cycles of the middle and late Pleistocene (Lisiecki & Raymo, 2007). The 100
kyr cycles show a higher temperature amplitude and in particular the glacial intervals reached
colder temperatures than before.
Here, we use the last 1 Myr of this record as this interval reflects continuous lake conditions
that allows a quantitative interpretation of the pollen spectra in upper forest line (UFL) positions
(Torres et al., 2013) and pollen spectra allow a rather uniform interpretation into UFL positions.
The UFL is the transition from upper montane forest to páramo, i.e. the uppermost contour of
closed forest (Bakker et al., 2008), and coincides with the 9.5 °C MAT isotherm (Hooghiemstra,
1984; Hooghiemstra et al., 2012). We follow the method in Groot et al. (2011) based on
Hooghiemstra (1984) to calculate the record of UFL positions and past temperature change in the
Northern Andes (Figure 3).
Here we discuss how we got insights into the relative duration of warm (interglacial),
transitional (cool) and cold (full glacial) conditions of the Pleistocene. There is a broad
correspondence between long pollen sequences (reflecting regional land temperature) and the
deep-sea oxygen isotope record (a global ice-volume record corresponding to mean global
temperature). Pollen records contain a higher degree of climate sensitivity and better reflect
regional conditions (Tzedakis et al., 1997). Therefore, the long record from the Bogotá basin
provides the best template to calculate for the Northern Andes the altitudinal position and surface
area of the páramo biome, and the duration of its residence within 100-m increments. Apart from
immigration events, variance in taxonomic composition of montane forest assemblages is low
(Groot et al., 2013; Bogotá-A. et al., 2016; Felde et al., 2016) supporting the vision that climate
change-driven altitudinally shifting biomes show a high assemblage stablity. Therefore, biomespecific assemblage variance is low. However, site-specific assemblage variance may change
rapidly when an ecotone (e.g. the UFL) is shifting over the elevation of the record.
In order to make a link with the terminology in the biogeographical literature we consider
conditions as ‘interglacial’ (warm) in the uppermost 400 m of UFL variance (UFL is above 3000
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m: MAT deviating c. – 1.5° to + 1.5°C compared to today), and as ‘maximum glacial conditions’
(very cold) when the UFL is in the lowermost 400 m of its range (below c. 2400 m: MAT
deviating minimally c. – 5° compared to today). Periods with an UFL shifting between 2400 m
and 3000 m are transitional between the extremes and reflect cold ‘stadial’ to cool ‘interstadial’
conditions (e.g. Bogotá-Angel et al., 2011): MAT deviating between c. – 5° and c. - 1.5°C
compared to today.
Following Hooghiemstra (1984) we consider for the period that oak forest is abundantly
present (the last 300 kyr of its presence since 430 kyr BP; Torres et al., 2013) the empirical level
of 40% arboreal pollen as the moments the UFL is at the level of the Bogotá basin (2550 m). For
the period after the immigration event of Alnus and before the immigration event of Quercus
(1.0-0.3 Ma) the 35% AP% level is used. Over the full last million years we apply the empirical
relationship of 5% increments in AP% are reflecting steps of 100 m UFL displacement
(Hooghiemstra, 1984). For the period before the immigration event of Alnus (1.01 Ma; Torres et
al., 2013), Hooghiemstra (1984) used the 20% AP% as an empirical relation for the UFL
position at 2550 m. However, incremental steps of UFL positions could not be developed as the
vegetation before 1 Ma is insufficiently analogous to present-day conditions. Therefore, we
calculated UFL positions and inferred páramo distributions up to 1 Ma.
2.2 Topographic flickering
2.2.1 Surface availability and ruggedness
Mountains around the world differ substantially in their elevation and ‘roughness’ or
‘ruggedness’ (the “mountainess” of a landscape, variability of the topographical surface;
(Grohmann et al., 2011; Spehn & Körner, 2010; Körner et al., 2011). Here we exemplify a
selected set of mountains around the world showing their topographic flickering as a simplified
cross-section (Figure 4). The Northern Andes in Colombia consists of three parallel north-south
and northeast-southwest positioned mountain chains, called ‘cordilleras’. Deep inter-Andean
valleys separate these cordilleras from each other, but they join in Ecuador to form a high
elevation mountain block with numerous volcanos throughout the region. The Altiplano in
Bolivia-Peru-Chile and the Tibetan plateau are relatively flat areas at high elevations,
characterized by steep decrease to their forelands. High roughness of relatively low elevation
mountain peaks is found in the Alps. Most mountains of the East African Rift system are of
volcanic origin giving a rise to sharp features in the landscape. In Venezuela, so called table-top
mountains or ‘tepuis’, form isolated plateaus with stunning escarpments where numerous
waterfalls originate. In conclusion, each mountain region has a different degree of topographic
flickering, in which species resided and endured the effects of climate change differently.
2.2.2 Topographic flickering of the Northern Andes
To characterize the topographic flickering of the Northern Andes, we calculate three different
elevational metrics (Figure 1), namely 1) surface availability, 2) degree of connectivity, and 3)
duration of connectivity.
1) Surface availability: Species responding to climate fluctuations by elevational change
face a topographically complex landscape. Their capacity to survive depends on habitat
availability in terms of surface as their ranges shifted altitudinally along the mountain slopes.
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Surface availability does not change monotonically, this has been shown previously in a smaller
mountainous area by Flantua et al. (2014) and on a global scale by Elsen and Tingley (2015).
Hypsometric curves are created based on the Shuttle Radar Topography Mission 1-arc second
Digital Terrain Elevation Data (~ 30 m resolution; USGS, 2006), taking an elevational threshold
of 500 m asl as the horizontal reference plane. Changing sea level positions during the
Pleistocene have not been taking into account as this is merely 140 m maximally (Spratt &
Lisiecki, 2016).
2 ) Degree of connectivity along the elevational gradient: The degree of connectivity
along the elevational gradients is calculated following the method proposed by Flantua et al.
(2014). This elevation driven connectivity corresponds to a 100 m elevational bin in which the
probability is estimated that a species encounters a suitable patch of at least 1km2 in surface and
within a distance of 10 km from its current patch. The connectivity probability metrics (PC) and
related equivalent connected area (EC) take into account the size of the patch itself and the
distances between all patches within a defined threshold (Saura & Pascual-Hortal, 2007; Saura et
al., 2011a, 2011b). We calculate connectivity for the entire Northern Andes and for each of the
cordilleras, from 1000 m asl upwards to focus mainly on the highlands. The computations of the
ECA are performed by Conefor Sensinode 2.2 software (Saura & Torné, 2009).
3 ) Duration of connectivity along the elevational gradient: The lower limit of páramo, the
UFL, resided at different elevations at different moments in the past. Based on the Funza09 AP%
record and the derived temperature curve we calculate the total duration and the frequency of
each UFL elevation during the last 1 Ma, and derive the historical connectivity of páramos as a
result of the shifting elevations.
The general contours of the area of interest are delimitated using the Northern Andes
boundary defined by Josse et al. (2009) and including the Sierra Nevada de Santa Marta (SNSM)
by a 500 m asl isoline. To define the boundaries of the different cordilleras, the geological faults
are identified using Bermúdez et al. (2013), Baldock (1982) and Aleman & Ramos (2000). Then,
the deepest sections of the main canyons are identified using ESRI ArcHydro tool
(Environmental Systems Research Institute (ESRI), 2014) and consequently used to define
boundaries between the three different cordilleras of Colombia, and to define a boundary
between the Central Cordillera in Colombia and Ecuador. These boundaries are preferred over
using geological faults as canyons are considered more relevant as a natural boundary for
montane species. Furthermore, the terrain ruggedness index (TRI) is calculated following Riley
et al. (1999). ESRI ArcGIS 10.3 is used for all calculations (ESRI, 2014).
2.3 Historical connectivity of the páramos
2.3.1 Páramo patch analysis
Previous studies in Colombia estimated that the UFL migrated between c. 2000 m asl
(coldest glacial conditions) and c. 3400 m asl (warmest parts of interglacials) (e.g. Van der
Hammen, 1974; Hooghiemstra, 1984; Van ’t Veer et al., 2000; Wille et al., 2001). We
reconstructed the elevational range of páramos, including the subpáramo (dominated by shrub),
grasspáramo (dominated by herbaceous vegetation), and superpáramo (incomplete vegetation
cover due to harsh climatic conditions; Van der Hammen, 1973; Van der Hammen & Cleef,
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1986), based on the reconstructed UFL and inferred temperature curve from the Funza09 record
(Figure 3).
Here, we assume that páramo vegetation occupied an elevational range of 1200 m during any
given time of the Pleistocene, consisting of c. 300 m of subpáramo, c. 700 m of grasspáramo,
and c. 200 m in the lowermost part of the superpáramo. The upper part of the superpáramo is
almost devoid of vascular plants. The elevational range above the páramo is assigned to snow as
extensive ice sheets were present in the Northern Andes during colder and humid periods
(Helmens, 1990; IDEAM, 2012; Schubert & Vivas, 1993). We disregard any asymmetrical
zonation between the dry and wet side of the mountains (e.g. Colombia: Cleef, 1981; Van der
Hammen & Cleef, 1986; Venezuela: Acosta-Solis, 1984). Based on the derived UFL elevations,
we make palaeotopographical reconstructions of the páramo distribution using Geographical
Information System (GIS) software (see examples from southern Colombia in Flantua et al.
(2014) and for the Guyana highlands in Rull and Nogué (2007)).
To calculate the degree of connectivity, we use the same PC metric as implemented for the
elevational connectivity, but specify the importance individual páramo patches play in
maintaining the overall connectivity. There are three ways in which a patch can contribute to PC,
namely the ‘intrapatch’ fraction, the ‘flux’ fraction and the ‘connector’ fraction (Saura & Rubio,
2010). The first focusses on the available surface area and also habitat quality - if applicable within the individual patch. The second fraction assesses how well the individual patch is
connected to other patches taking into account the patch’s attributes (surface and quality) and its
strategical position within the configuration or network of páramo patches. The third fraction
quantifies the contribution of the individual patch to maintain connectivity between the rest of
the patches, thus its role as an intermediate stepping stone between non-adjacent patches (Saura
and Rubio, 2010). Conefor Sensinode 2.2 software (Saura and Torné, 2009) is used to calculate
the straight line distances between all existing patches and the fractions composing the PC metric
for each individual patch. For each 100 m bin from 1000 m asl up to the maximum elevation the
probability of connectivity is calculated among patches that are within a range of 10 km, 5 km, 1
km, 500 m and 100 m, and compared between the different cordilleras.
2.3.2 Dispersal corridor analysis
The topographically rich landscape of mountains poses barriers and creates corridors that
impede or facilitate movement of species (Taylor et al., 1993; Taylor et al., 2006; Correa Ayram
et al., 2016). The network of possible corridors is structured around and between core areas of
habitat. The landscape poses a certain level of “resistance” in a sense that it poses a degree of
difficulty for species to disperse, where in higher resistance areas it is assumed that species will
be more likely to disperse through routes of less resistance. With this we aim to display past gene
flow between páramo core areas by identifying putative corridors between patches and
cordilleras.
The ‘circuit theory’ predicts movement and dispersal patterns through the landscape by a
graph model that resembles electrical currents that run between core areas or ‘nodes’ (McRae &
Beier, 2007; McRae et al., 2008). ‘Circuits’ are created by connecting nodes through conducting
multiple pathways (‘current flows’) and as a result, the conductance grid defines where possible
pathways are located. This dispersal route analysis used habitat heterogeneity (e.g. steepness of
the landscape) to predict geographical connectivity here defined by the isolated-by-resistance
imposed by the landscape.
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The appeal of this approach lies in: a) the output integrates all possible pathways between
patches, b) it takes into account the irregular habitat shapes commonly observed for alpine
ecosystems, c) it can incorporate the spatial heterogeneity of the landscape, such as topographic
roughness in mountainous regions (e.g. Hagerty et al., 2011; Noguerales et al., 2016), d)
although more often applied for animal movement (e.g. Bell et al., 2010 ) also plants can be
assessed (e.g. Andrew et al., 2012), e) landscapes can be assessed in space and time, e.g.
different climatic conditions in the past (e.g. Gehara et al., 2014).
For the Northern Andes, three different models are developed to identify putative
corridors. In the first model, the boundaries of the páramo core areas are set exactly at their 1200
m range as previously used in the patch connectivity analysis. Here within the core area the
habitat was “perfectly suitable” with score of 100 (or minimal resistance of 0), while outside de
core area the score of 0 to reflect total unsuitability, represented by a total resistance of a 100. In
the second model, a different resistance scenario was used: an exponential decay function softens
the boundary by increasing resistance in 5 elevational steps of 100 m where the UFL represents a
suitability score of 40. As a result of the decay function the highest suitability of páramo - its
core area - is restrained 200 m above the UFL and 200 m below the snowline. For these models
the resistance imposed by the landscape is only defined by climatic restrictions of the species’
envelope, thus restricted by elevation. In other words, further down the elevational gradients,
climate conditions become too unsuitable for páramo species and thus impose a gradually higher
resistance for dispersal or successful settlement. In the third model terrain ruggedness is an
additional factor of resistance where high ruggedness is assumed to impose restrictions to
dispersal.
We used the Gnarly Landscape Utilities (V0.1.3; McRae et al., 2013) with ESRI ArcGIS
10.3 (ESRI, 2014) to create a raster grid representation of landscape resistance. The software tool
Linkage mapper was used to calculate the corridors based on the identified core areas and
created resistance rasters (McRae & Kavanagh, 2011). It calculates the least-cost corridors based
on minimum resistance values, where the final output is expressed in ‘conductance maps’ that
represent gradients of cumulative least-cost paths. Where the densities of pathways is highest, it
is assumed that flows represent a high probability of moving between habitat patches (McRae et
al., 2008). Landscape resistance values were assigned to inter-Andean valleys between
cordilleras, except for the region between SNSM and the Sierra de Perijá. Here the first
represents a vicariance scenario (possible gene flow through occasional corridors) and the latter a
long distance dispersal scenario (mostly gene flow through sporadic long distance dispersal
events).
Gene flow was allowed among all core areas where core areas needed to be at least 1
km2. We resampled the 30 m Digital Elevation Model (DEM) to a 1 km resolution to have
. We allowed Linkage mapper to
computing time for each Linkage mapper run
create corridors through (instead of only between) core areas to represent the full arsenal of
connectivity through the landscape. Optionally, by selecting only values lower than 200.000
from the produced conductance maps the strongest corridors can be highlighted. We ran the three
models for 100 m elevation bins of the UFL as identified by Funza09 (Figure 3). The outputs
were weighted and summed according to the percentage of time they occurred during the last 1
Myr.
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3. Results
3.1 Surface availability and ruggedness
The Northern Andes covers a total surface of 448.000 km2 (following the delimitation by Josse
et al., 2009) divided over 6 subregions, hereafter referred to as cordilleras (Table 1). Its highest
peaks are located in Ecuador (c. 6300 m asl ) and SNSM (c. 5800 m asl ). The largest cordillera
in terms of surface area is the Eastern Cordillera, followed by the Central Cordillera and the
Ecuadorian Andes (Figure 5a). The SNSM is the smallest, forming an extraordinary high peak in
the north of Colombia. Most of the Northern Andes is considered a highly rugged or extremely
high rugged landscape (Riley et al., 1999) where the high peaks and deep inter-Andean valleys
cause strong contrasts throughout the region (Figure 5b).
According to elevational availability of surface areas in mountains, Elsen and Tingley
(2015) identified four hypsographic patterns, namely a pyramid, inverse pyramid, diamond and
hourglass. Here the Northern Andes shows a decreasing trend of surface availability having a
slight peak around 900-1200 m asl and then decreasing up to 6260 m asl (Figure 5c), thus
following a pyramid shape. The different cordilleras separately show very different patterns
(Figure 5d), with pyramids (SNSM and Central Cordillera), diamonds (Cordillera de Mérida and
Western Cordillera) and hourglass shapes (Ecuadorian Cordillera and the Eastern Cordillera)
(Elsen and Tingley, 2005). The SNSM and the Ecuadorian Cordillera have the longest stretch to
higher elevation, where the large bulk of surface availability between 3000 and 4200 m asl in
Ecuador contrasts heavily against the other regions.
3.2 Degree of connectivity along the elevational gradient
Similarly to surface availability, the degree of connectivity varies significantly along the
elevational gradient in the Northern Andes (Figure 6a) and among different cordilleras (Figure
6b-f). All cordilleras start with a relatively high connectivity along lower elevations (< 1300 m
asl) gradually decreasing towards 2000 m asl. The Ecuadorian Cordillera, Eastern Cordillera and
Central Cordillera show distinct patterns. The first has a hump-shaped increase of connectivity
along a wide elevational range (2400-4000 m asl) showing the highest degree of connectivity, its
‘connective zone’, at high elevations. The Eastern Cordillera has a sharp increase of connectivity
at mid elevations between 2400-3000 m asl achieving the highest values compared to lower
elevations and compared to other cordilleras. The Central Cordillera shows a fluctuating trend at
mid-elevations before decreasing after 3000 m asl. Thus, the connective zone of each mountain
region lays along different elevations, with the highest positioned connective zone in the
Ecuadorian Cordillera and the strongest at mid-high elevations in the Eastern Cordillera.
Similar patterns are observed at different dispersal distances (Figure 6b-f) although
cordilleras tend to fall within similar ranges towards lower distances. For example, when
dispersal distances decreases the hump shape of the Ecuadorian Cordillera is less pronounced,
but is nevertheless still the highest among all cordilleras. The remarkable high peak for the
Eastern Cordillera remains strong at different dispersal distances suggesting that the distances
between patches are small and remain within connectivity distances.
3.3 Páramo patch analysis
During the last 1Ma the UFL moved between c. 1900 and 3500 m asl showing a positive (right)
skew around 3000 m asl (Figure 7a). There is no hard threshold between a glacial and
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interglacial condition, but here we consider an UFL lower than 2300 m asl as maximum glacial
conditions and an UFL at 3100 m asl and higher as exemplary for interglacial conditions.
The degree of historical connectivity has been substantially different between the cordilleras
(Figure 7b). The páramos in the Ecuadorian Cordillera maintained a high degree of connectivity
throughout the Pleistocene, rarely achieving severe fragmentation. Their fragmentation was
probably mostly caused by a lower positioned snowline during colder and wet periods (e.g. UFL
2100) causing a break up of páramo areas on lateral flanks of the mountain. To a lesser extent –
but still substantial – is the connectivity of the páramos on the Central Andes where a higher
degree of patchiness occurred compared to Ecuador, possibly equally influenced by extensive
glaciers during glacial periods. The Eastern Cordillera underwent considerable periods of both
connectivity (e.g. UFL 2300) and fragmentation (e.g. UFL 2900), always, however, maintaining
two large core areas surrounded by smaller ‘satellite’ patches, nowadays composed of páramos
of Boyacá and Cundinamarca (Figure 1). Likewise in Ecuador, high connectivity could occur at
relatively high elevations.
Páramos in the Cordillera de Mérida seem to have been restricted to one core area only
during interglacials, while during colder periods a relatively high fragmentation is observed
possibly due to glaciers pushing páramos to lateral distributions. Increased connectivity was
mainly directed towards the southwest and achieved during colder periods (≤ UFL 2300). The
páramos of the Western Cordillera and SNSM endured the highest degree of fragmentation
during most of the Pleistocene. Possibly frequent extirpation occurred in the Western Cordillera
as shifting UFL caused suitable páramo habitat to disappear along most of the cordillera. On the
contrary, the páramos of the Central Cordillera maintained a long latitudinal distribution,
forming a chain of isolated populations in small patches but somehow connected. Even in very
cold conditions, no continuous connectivity of core areas seems to have been possible between
the Eastern Cordillera and Cordillera de Mérida, or the region of Sierra de Perijá. Towards the
south of the Eastern Cordillera a low-elevation barrier was possibly cross-passed at UFL1900
forming a brief bridge towards the Central Cordillera.
The frequency bars alongside each scenario reflects the interchanging stages between
glacials, stadials-interstadials and interglacials during the last 1 Myr (Figure 7c and frequency
bars with each scenario; Supplementary Figures 1 and 2). Cool stadials and interstadials
prevailed while some cooler and warmer extremes occurred more often during respectively the
first or second half. Páramos on different cordilleras underwent frequent shifts between
connectivity and fragmentation at different periods in time. For instance, the Eastern Cordillera
possibly represents the highest degree of reshuffling of populations as relatively small
temperature changes affected connectivity substantially and recurrently during the last 1 Myr
(e.g. between UFL 2700 and UFL 3100). Similarly, the southernmost páramos of Ecuador was
connected to the central part of Ecuador during colder periods while fragmentation was
substantial during warmer conditions (e.g. between UFL 2300 and UFL 2700). Frequent breaks
between the Central Cordillera and Ecuadorian Cordillera occurred during warmer periods
interrupting gene flow and species intermixing. Importantly to note is that the current UFL is
estimated to be between 3500-3600 m asl in Colombia, a stage which only occurred once during
the last 1 Myr.
3.4 Dispersal corridor analysis
Model-1 (hard páramo boundary) and model-2 (soft páramo boundary) show very similar results
in terms of the distribution and potentiality of the corridors, here emphasizing the corridors
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selected by a conductance threshold of 200k (see methods; Figure 8a). Potential corridors run
through the region with generally mid-range values and no clear difference between the different
cordilleras. The wide cross-over corridors between the different cordilleras of Colombia are
striking, as also between Sierra de Perijá and the páramos of Boyacá, and the latter with
Cordillera de Mérida. These single flow corridors seem to have a high conductance value
suggesting a concentration of corridors following the same pathway. The choice for a hard
barrier created between SNSM and the Sierra de Perijá caused a lack of corridors as the model
was given no option to find a least cost corridor between core areas.
The third model is substantially different in terms of location and intensity of corridors
(Figure 8a). Corridors are clearly restricted by topographic characteristics delimitating potential
pathway more than in model 1 and 2. Differences among and within cordilleras are now clearly
visible, showing a diverse pattern of pathways of different widths and intensities. As in models 1
and 2, a cross-over pattern is observed between the cordilleras in Colombia. This is the result of
the model finding less resistance crossing over than alternatively finding its way southwards to
where the Central Cordillera touches the Eastern Cordillera. In the real world these cross overs
may reflect seed dispersal routes by birds.
The feasibility of these corridors or ‘corridor quality’ can be indicated by calculating the
average resistance encountered along the least cost pathway (Figure 8b, here shown for model
3). The long ridge of the Central Cordillera forms the starting point of numerous possible
corridors to the isolated core areas in the Western Cordillera. The Eastern Cordillera shows a
complex internal pattern of corridors, where there is no high quality corridor towards Sierra de
Perijá in the north, nor towards the Cordillera de Mérida, while a high concentration of potential
corridors is found between the páramos in Boyacá and Cundinamarca. In the Ecuadorian
Cordillera a more lateral pattern of high/low potential corridors is observed following the intraAndean valleys and peaks within this region. Corridors to the southernmost páramos of Ecuador
as also the northernmost páramos of the Western Cordillera are mostly of high resistance. The
composite conductance map of all corridors according to model 3 (Figure 8c) shows the
complexity of corridors throughout the region as a result of their frequency and duration during
the last 1 Myr.

4. Discussion
The Pleistocene reshuffling and re-arrangement of the spatial configurations of montane species
played an important role in evolutionary and ecological histories. We propose that the degree of
historical connectivity is a powerful explanatory factor as a driver of species diversification and
thus in understanding contemporary patterns of species richness. We have 1) developed an
innovative conceptual framework to comprehend the spatial and temporal complexity of
Pleistocene climate oscillations in mountains, 2) postulated that processes facilitated by
historical connectivity drove species richness to a larger extent than those caused by isolation, 3)
applied this framework to tropical alpine ecosystems in the Northern Andes, and 4) provide a
new methodology to quantitatively estimate the degree of connectivity in mountains through
space and time.
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FCS in the Northern Andes
At the start of the Pleistocene there was still a species-poor version of páramo
(‘protopáramo’; Van der Hammen et al., 1973; Hooghiemstra, 1984) that gradually became
enriched during the Pleistocene (Hooghiemstra, 1984; Van der Hammen and Cleef, 1986; Torres
et al., 2013). The mountain fingerprint of the Northern Andes facilitated dispersal at different
moments during the Pleistocene, helping the step-wise migration of páramo plant species
throughout the landscape, e.g. Puya (Jabaily & Sytsma, 2013), Loricaria (Kolář et al., 2016) and
Espeletiinae (Cuatrecasas, 1979; 2013). Frequent phases of fragmentation probably prevented
homogenizing effects of species interchange and gene flow, and as a consequence, differences in
species composition between cordilleras are observed. Depending on the location of initial
dispersal - originating from ancestral areas - species experienced the FCS differently as each
cordillera provided opportunities and restrictions at different elevations (Figures 4 and 5) and at
different moments in time (Figure 7).
The legacy of historical connectivity in the Northern Andes is seen at three levels of analysis,
namely species richness and/or composition, number of endemic species and evolutionary
processes. Here we provide examples of these levels for different groups of species.
A. Species richness and/or composition
During the Pleistocene, páramos frequently reached low elevations causing an overall dispersalprone landscape. Consequently, trans-Andean species distribution (shared species in adjacent
mountain regions) is commonly seen in plants (e.g. Sklenář & Balslev, 2005), butterflies (e.g.
Hall, 2005), mammals (e.g. Patterson et al., 2012) and birds (e.g. Arctander & Fjeldså, 1994;
Fjeldså et al., 2012). Connectivity between the Western and Central Cordillera was likely
through multiple pathways, and there was a general high connectivity between Ecuadorian
Cordillera and the Central Cordillera (Figures 6 and 7), causing high similarity in species
composition (Moscol Olivera & Cleef, 2009; Sklenář & Balslev, 2005; Jabaily & Sytsma, 2013).
The SNSM is the smallest and the most isolated mountain range of the Northern Andes,
with lower number of species compared to the other cordilleras (e.g. butterflies: Adams, 1984;
1985; páramo plants species: Londoño et al., 2014). The lower number of species cannot be
attributed to available surface area alone (MacArthur & Wilson, 1967). The Sierra de Perijá is
significantly smaller but has similar species richness as the Cordillera de Mérida (Adams, 1983;
1984), possibly as a result of lowland corridors (c. 1200 m) with the Eastern Cordillera and
occasional exchange with SNSM (e.g. Libanothamnus, Espeletiinae: Diazgranados, 2012;
Hooghiemstra et al., 2006; Cuatrecasas, 2016). Similar patterns of discrepancy between area and
richness around found in other Colombian Cordilleras (Alzate-Guarín & Murillo-Serna, 2016).
This confirms that species richness is only partly driven by isolation (Benham & Witt, 2016) and
that there is a strong legacy of historical connectivity in contemporary biodiversity patterns of
páramos (Simpson, 1975; Sklenář & Balslev, 2005).
Páramo complexes of the Eastern Cordillera have the highest diversity in terms of total
species richness (Londoño et al., 2014) and for several species groups such as the Espeletia
(Diazgranados, 2012) and Loricaria (Kolář et al., 2016). Here, this is postulated to be the result
of the high frequency of interchange between connected and fragmented states (Figure 7) driving
the build-up of biodiversity through the different processes of the FCS (Van der Hammen &
Cleef, 1986).
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B. Number of endemics
Historical connectivity influences the number of endemics in comparable cordilleras. For
instance, the Ecuadorian Cordillera shows a high degree of surface availability (Figure 4) and
connectivity (Figure 5) at high elevations, and páramos endured fragmentation during less than
2% of the Pleistocene (Figure 7). The low number of single-mountain top endemics compared to
the Eastern Cordillera (Sklenář & Balslev, 2005) and the lack of genetic differentiation among
páramo populations from separate cordilleras (e.g. Loricaria: Kolář et al., 2016) could be related
to this predominantly migration-prone area at high elevations. Interestingly, this might explain
the striking decrease of endemism from low to high elevations (Sklenář & Jørgensen, 1999).
Contrastingly, high relative endemism in plants and butterflies (c. 50%) in the SNSM is due to
the high degree of isolation and the lack of lowland corridors with other cordilleras (Adams
1983; 1984), a similar pattern is observed for isolated patches of Andean dry forests (Särkinen et
al., 2012).
C. Evolutionary processes
The alpine zones of the Andes are home to a large number of recent (Plio-Pleistocene) and rapid
(high species diversification rates) plant diversifications (see overviews by Sklenář et al., 2010;
Turchetto-Zolet et al., 2013; Luebert & Weigend, 2014; Hughes & Atchison, 2015; ContrerasOrtiz et al., in review). The connectivity-prone landscape facilitated increases in diversification
through dispersal and settlement in new geographical areas (“dispersification”, Moore &
Donoghue, 2007), e.g. Neobartsia (Uribe-Convers & Tank, 2015) and Lupinus (Bell &
Donoghue, 2005; Hughes & Eastwood, 2006; Drummond et al., 2012). Historical connectivity
not only increases plant species richness through intermixing (Weigelt et al., 2016), but also
through pulses of hybridization after recurrent reconnection (Ali & Aitchison, 2014; Gillespie &
Roderick, 2014). Interestingly, there is evidence of extensive gene flow and hybridization in
páramos plant species (e.g. Loricaria: Kolář et al., 2016; Espeletia: Diazgranados, 2012;
Diazgranados & Barber, 2017; Hypericum: Nürk et al., 2013), suggesting a relationship between
connectivity, hybridization and radiation (Petit et al., 2003; Grant, 2014).
On the other hand, for plants that occupy the superpáramo the elevational shifts in the past
were insufficient to enter the ‘connective zone’ that facilitates gene flow. As a result a high
genetic differentiation can be found among populations even within the same cordillera (e.g.
Lupinus alopecuroides: Vásquez et al., 2016).
The Funza09 record shows a clear shift in the rhythm of climate change around 1 Ma, also
known as the mid-Pleistocene transition (MPT, 0.9 Ma) after which high-amplitude c. 100 kyr
cycles start dominating the climate fluctuations and overruling the lower-amplitude 41-kyr
cycles that, however, do continue. Strikingly, changes in speciation rates of the Espeletiinae in
the Cordillera de Mérida (Pouchon et al., in review) echo the MPT by an acceleration of
diversification during the last 1 Myr, suggesting a close link between the degree of connectivity
flickering and rapid radiations.
Spatial reconstructions of historical connectivity
With the release of paleoclimate models, an increasing number of studies engage in
paleoecological niche modelling (see overview in Svenning et al., 2011). Consequently, more
studies are expected to employ landscape connectivity tools to map putative corridors and enrich
phylogeographic research (Chan et al., 2011). Only few studies have intended to quantify
historical connectivity but findings are promising (e.g. Cadena et al., 2016; Kissling et al., 2016;
Knowles & Massatti, 2017). However, paleoclimatic scenarios are restricted to three periods in
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time (mid Holocene climatic optimum at c. 6 ka, LGM at c. 21 ka, and the last interglacial
maximum at c. 125 ka) and are particularly problematic in tropical mountains showing consistent
overestimation of Pleistocene temperatures (Loomis et al., 2017). Our spatially explicit models
circumvent paleoclimate data and rely on an unprecedented continuous temperature record
derived from a 2.25 Ma long fossil pollen record. Our proposed methodology is unprecedented
as we quantify historical connectivity in a spatially and temporally unified manner, using metrics
not previously integrated in historical perspective.
Inherent to any study concerning connectivity are assumptions on the probability of dispersal
through the landscape. Depending on species traits and dispersal capacities, different distances
can be compared (Figure 6), topographic complexity included (Figure 8), and a priori hard
barriers can be imposed (see example of SNSM). Furthermore, connectivity analysis can hint at
strong dispersal restrictions when resistance values of corridors are high and indicative of highly
constrained dispersal (Figure 8b). In the Northern Andes, this is shown by the multiple single
line corridors between the Central and Eastern Cordillera, confirmed by the lack of gene flow
between these regions (Jabaily & Sytsma, 2013; Contreras-Ortiz et al., in review; Diazgranados
and Barber, 2017). These examples illustrate the importance of engaging in multidisciplinary
studies that integrate different lines of evidence in a spatial and temporal context.
Implications for studying temporal and spatial dynamics of mountain systems
The introduced concepts of the FCS and the mountain fingerprint provide three important
elucidations in terms of evolutionary processes. First of all, the inherent heterogeneity of the
mountain fingerprint supports temporally and spatially discordant phylogeographic patterns as a
null hypothesis (Rull, 2011; Pennington et al., 2010; Massatti & Knowles, 2014; Papadopoulou
& Knowles, 2015; 2016) This means that even if all phylogenetic studies on páramo species
could overcome current issues in techniques, resolution and time-calibration points (Rull, 2011),
timing of diversification would not be expected to have occurred synchronously. Secondly,
elevational differences in diversification are expected to be the rule rather than the exception (see
Kropf et al., 2003; Lagomarsino et al., 2016). Elevational differences in surface availability and
connectivity will influence at what elevation the strongest phylogeographic signals will occur
and thus these are expected to differ between mountain systems. And thirdly, the flickering
character is expected to cause pulses of diversification possibly resulting in a series of subradiations (e.g. Knowles, 2000; Contreras-Ortiz et al., in review).
Importantly to highlight is that tropical mountains do no endure similar degrees of temporal
flickering. Apart from the dominant eccentricity rhythm during the last 0.9 Myr, the tropical high
mountains of Colombia show a strong obliquity (41 kyr) rhythm (Bogotá-Angel et al., 2011;
Groot et al., 2011; Torres et al., 2013; Figure 3) whereas the Andean lakes in the highlands of
Bolivia and Peru show during the last 150 ka precession (21 kyr) forcing as co-dominant
(Gosling et al., 2008). This means that during the last glacial cycles the alpine ecosystems of the
Northern Andes endured a slower flickering (100 kyr and 41 kyr) than the Central Andes (100
kyr and 21 kyr). Differences in signals of orbital forcing are not surprising given the complex
nature of climate modes influencing the moisture balance and temperature over the Neotropics
(Flantua et al., 2016). These differences in oscillations are expected to influence the duration and
frequency of connectivity and, as a result the timing and the intensity of alpine species
diversification.
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The diverse signature of mountain topography has implications for the degree of potential
connectivity and thus gene flow that species encounter at different elevations. We show that
montane species are dispersal-prone at dissimilar elevations and that the elevation of the
‘connective zone’ of a cordillera determines whether species endured continuous isolation or
whether species were facilitated gene flow during shifting climate oscillations. Depending on the
location of initial dispersal - originating from ancestral areas - species experienced the FCS
differently as each cordillera provided opportunities and restrictions at different elevations
(Figures 4 and 5) and at different moments in time (Figure 7). Hence, the mountain fingerprint
can be more fragmentation driven (e.g. SNSM, Figure 9a), or more connectivity driven (e.g. the
Ecuadorian Cordillera; Figure 9b), or display a complex mix of interchanging fragmentation and
connectivity (e.g. the Eastern Cordillera, Figure 9c), each resulting in a different set of species
richness, endemism and Pleistocene diversification pattern.

5. Conclusions

The ‘mountain fingerprint’ describes the inherent complexity of the interaction between
mountains and the Pleistocene climate changes that caused substantial changes to species’
distributions through time. We have presented here an innovative framework, the ‘flickering
connectivity system’, that captures the history of fragmentation and connectivity of alpine
populations as a result of the mountain fingerprint. We focus on the consequences of the
reshuffling of species distributions in mountain landscapes, emphasizing how historical
connectivity plays an overlooked but vital role in shaping patterns of contemporary species
richness, endemicity, and evolutionary radiations. We have developed new methodologies and
spatially explicit models to quantify the degree of historical connectivity through time.
We showcase these new concepts and methods in the Northern Andes, a topographically rich
region with high biodiversity and with numerous recent and rapid species diversification. The
Pleistocene evolution of the Andean alpine biome, the páramos, took place in a predominantly
migration-prone, glacial-conditioned landscape, in which connectivity was possible within most
cordilleras, thanks to the downward bioclimatic shift caused by climatic cooling. The
‘topographic flickering’ of the landscape is expressed by surface availability, degree of
elevational connectivity, and terrain ruggedness, and important differences are observed between
the different cordilleras. The spatial configuration of páramos is unevenly distributed in time due
to the flickering climate character of the Pleistocene. As a result, fragmentation and connectivity
occurred in different cordilleras during different periods in time and with different frequencies.
Importantly, identified differences are reflected by current patterns of number of endemic species
and total species richness, and provide enriched insights in explaining exceptionally recent
evolutionary radiations. Insights derived from palaeotopographic reconstructions, as exemplified
here, provide the necessary platform for new hypothesis development to improve our
understanding of biological evolution in island systems that were dynamic in the past such as
archipelagos of oceanic islands and other ‘sky island’ systems.
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Shape according
to Elsen and Tingly
(2015)
Hourglass
(total
Andes)
Pyramid (included in
Eastern Cordillera)
Pyramid

Shape
identified in this
study
Pyramid

Pyramid
Pyramid

13-4100

Pyramid
Diamond (joined with
Ecuador)
Pyramid

25-6300

Diamond

Diamond/Hourglass

Mountain region

Total surface
area (km2)

Elevational
range (m asl)

Northern Andes

448,000

13-6300

Sierra Nevada de
Santa Marta
Cordillera
de
Merida
Eastern Cordillera
Central Cordillera

9190

430-5700

30,340

80-5000

130,630
122,000

106-5400
81-5300

Western
Cordillera
Ecuadorian
Cordilleras

48,100
107,800

Pyramid
Pyramid

Diamond

Table 1. Surface availability and shape category for each Cordillera.
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Figures
Figure 1. The Northern Andes as delimited by Josse et al. (2009) showing the current
distribution of páramos as defined by IAvH (2012). Main páramos regions are shown: 1. Sierra
Nevada de Santa Marta, 2. Sierra de Perijá, 3. Sierra Nevada de Mérida and Santa Domingo, 4.
Páramo del Batallon, 5. Páramos de los Santanderes, 6. Páramos de Boyacá, 7. Páramos de
Cundinamarca, 8. Páramos Los Picachos and Miraflores, 9. Páramo Paramillo, 10. Páramo
Belmira, 11. Páramos Frontino-Tatamá, 12. Páramos Viejo Caldas-Tolima, 13. Páramos ValleTolima, 14. Páramos del Duende-Cerro Plateado, 15. Páramos Macizo Colombiano, 16. Páramos
del Antisana, 17. Páramos de Cayambe, 18. Páramos de Tabacundo, 19. Páramos de
Chimborazo, 20. Páramos de Cuenca. Star indicates location of Funza09. VEN: Venezuela;
COL: Colombia; ECU: Ecuador.
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6959
m asl

0

9

Figure 2. Conceptual framework of the ‘flickering connectivity system’ (FCS). a) The
background drivers of speciation are Pleistocene climate fluctuations and montane topography.
The δ18O curve is an indicator of global ice volume and temperature (Lisiecki and Raymo, 2005)
and is based on composite stable oxygen isotope ratios from benthic foraminifera. b) The
‘mountain fingerprint’ is defined by the interaction between climate and topography. It is a
unique mountain identifier as connectivity and fragmentation events occur in a spatially and
temporally complex way, and therefore causes different timing and patterns of species
diversification in different mountains. c) The degree and duration of connectivity differs along
the elevational gradient in a topographic rich area (Flantua et al., 2014). This is quantified by
surface availability, degree of connectivity and duration of connectivity in historical perspective,
e.g. the period of time a species or ecosystem resided at certain elevation. d) Historical
connectivity is estimated at a patch level taking into account surface area and the contribution the
patch has within the network. Corridors are created as conductance pathways using isolation-byresistance criteria.
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Figure 3. Upper forest line (UFL) curve of Funza09 (Torres et al., 2013) as estimated by the method summarized in Groot et al.
(2011) and temperature record covering the last 1 Myr. There is a strong obliquity signal before 0.9 Ma and a eccentricityobliquity signal in the last 0.9.
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Figure 4. Topographic profiles of different mountains showing that the characteristic topography
of a mountain is decisive for the potential impact and frequency of connectivity breaks caused by
Pleistocene glacial cycles. The brown area emphasizes the topography where alpine ecosystems
endured climate changes. Different sky islands types (Warschall, 1994; McCormack et al., 2009)
are displayed: Andes and Himalaya: cordilleras of high altitude archipelagos. Alps: massif with
outliers. Pantepuy: chains of relictual mountain plateaus. East African Rift: circular complex of
mountains with isolated peaks.
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hypsographic curve (histograms of area versus elevation) for 100 m bins. The colours of the areas indicated in a) concur with the colon
of the hypsographic curves in d). Maximum elevation per cordillera is indicated. VEN: Venezuela; COL: Colombia; ECU: Ecuador;
SNSM: Sierra Nevada de Santa Marta.

Elevtion (masl)
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connectivity. Equivalent connectivity (EC) was calculated for each 100 m along the elevational gradient,
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Figure 7. Historical connectivity of páramo distribution during the Pleistocene in terms of
duration (a), degree of connectivity (b) and frequency (c). Based on the upper forest line (UFL)
curve (Figure 2c), the duration of the elevation of the UFL during the last 1 Myr is calculated (a).
The UFL indicates the lowest elevation of páramos and its shift causes substantial changes in the
distribution of páramos patches and their connectivity. The different páramo positions and
corresponding connectivity are shown by the distribution maps. UFL elevations not only differed
in duration but also in timing and frequency as indicated by frequency bars alongside each
distribution map. The probability of connectivity (PC) (distance = 10 km, probability = 0.5;
Saura et al., 2011) is calculated for all patches larger than 1 km2.
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Figure 8. Historical connectivity of páramos by corridors. a) Páramos defined by a hard
boundary (model 1), soft boundary (model 2), or including terrain ruggedness (model 3). Only
conductance values lower than 200k were used and outputs were weighted according to their
duration and frequency during the last 1 Ma. b) Corridor quality indicated by the average
resistance encountered along the least cost pathway calculated by the ratio of cost-weighted
distance to the un-weighted length of the least-cost path (McRae & Kavanagh, 2011). c)
Weighted corridor conductance map for all outputs (no threshold implemented) for model 3
where warm colours indicate high potential of connectivity.
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Supplementary Figure S2. Frequency analysis of all UFL elevations during the last 1 Myr.
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SYNTHESIS
The aim of this thesis was to study the temporal and spatial responses of biomes to
Pleistocene climate change in Latin America, with the specific aim of making spatial paleoreconstructions based on fossil pollen records. The results of this thesis show that the
spatial coverage of pollen records throughout Latin America is impressive and opens up
possibilities for spatial mapping of continuous coverages (Chapter 2). Especially the last
10,000 years are well represented. The temporal resolution of sites is especially high in the
Northern Andes region, but many sites are disregarded at forehand because of poor
chronologies (Chapter 3). Temporal uncertainty is a main limitation to make spatial
reconstructions based on fossil pollen records, but a selection of records that fulfil certain
quality standards does allow multi-site synthesis work. When comparing changes over time
between sites and specifically during the last 2000 years, few regions show synchronous
responses of pollen associations. Differences between pollen records are larger within
mountainous areas compared to those situated in lowland areas (Chapter 4). This suggests
that the latter are more suitable to create interpolated maps between pollen records, but
the number of records and their location within the study area influence the quality of the
spatially explicit models in GIS (Geographical Information System, Chapter 5). In
mountainous areas, biome surface maps can be obtained by making assumptions on the
elevational gradient that biomes occupy. This means that on a local scale, biomes follow the
same order from the lowlands to the highlands and a similar elevational range is seen
throughout a region. Therefore, a single fossil pollen record can be translated into a biome
surface map to understand how the landscape features influenced the biomes’ distributions
in terms of surface availability and ‘connectivity’ (the potential movement or genetic
interchange between different populations) (Chapter 6). As the previous chapter showed
that the degree of biome connectivity is a constantly changing feature through time (as
species and biomes shift their distributions as a response to climate change), in Chapter 7 I
develop a conceptual framework to argue that historical connectivity is a key feature in
understanding contemporary (mountain) biodiversity. That historical processes should be
taking into account to understand current patterns of species richness also becomes
apparent when considering the influence of long term geological processes on mountain
biodiversity (Chapter 8). Importantly, spatially explicit models of biome distributions over
longer time scale facilitate the integration of disciplines for hypothesis testing on the
importance of mountain topography and historical connectivity. The integration of long
pollen records and topographic characterization of mountains makes a much stronger
assemblage of the biogeographical history, confirming the importance that historical
connectivity have had on current species richness patterns (Chapter 9).
In this synthesis chapter I discuss the different research questions I posed in the beginning
of the thesis and will link the implications of my results in the context of related research.
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A. LOCATION: AVAILABILITY AND DISTRIBUTION OF POLLEN DATA IN LATIN
AMERICA
The first question I address covers the basics of spatial analysis, namely ‘where are what
kind of data’ located. In this case:
1) What is the spatial and temporal availability, and distribution of paleoecological
research done by fossil and modern pollen studies in Latin America?
The relevance of this question is shown by the absence of Latin American pollen records in
global and regional synthesis work on paleo-reconstructions, e.g. Wanner et al. (2008),
Bartlein et al. (2011) and Villalba et al. (2009). To achieve the best projections and
predictions of future vegetation responses to ongoing warming and other global changes,
we need to make use of the best available data (Wolkovich et al., 2012) and exploit the full
potential of palynological data. In terms of availability, the number of records and
publications in Latin American has increased substantially during the last decade, with
peaks of 60-70 publications per year between 2010 and 2012 (Chapter 2. Fig. 7). The
number of fossil pollen records in Latin American exceeds what has been reported for the
European Pollen Database (Brewer et al., 2016; 1400 and 1200 respectively), stressing the
huge bulk of data potentially available in the tropics. The majority of the fossil pollen
records cover the last 10,000 years an overall tendency seen in pollen databases globally.
The large number of Holocene (last 11,700 cal yr BP) records are widely distributed
throughout Latin America, which is a positive outcome for current initiatives that focus on
the last 6000 years (PAGES Landcover6k and LandUse6k workgroups) and the last 2000
years (PAGES2k workgroup).

2) Which regions are represented
represented frequently enough in the Latin American Pollen
Database to obtain statistically sound vegetation dynamics interpretations?
Paleoecological research in Latin America shows a clustered spatial distribution of study
sites, meaning that certain areas and countries show a higher density of records than would
be expected from a random distribution (Chapter 2. Fig. 1). There are modern pollen
samples ‘hotspots’ in Honduras, Uruguay, Argentina, and at the border of Bolivia/Peru. In
terms of fossil pollen records, countries like Colombia, Chile and Argentina initially
outnumbered other countries until the 90s. During the past two decades large numbers of
records have become available in countries like Brazil, Bolivia and Mexico. Geographically
many fossil pollen records are found throughout the Andes, from Colombia down to
Patagonia, along the coastlines of the Amazon basin, and the area of Yucatán. Research on
Caribbean islands has been on the rise, although still scarcely studied compared to most
mainland countries.
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The question on which regions are represented frequently ‘enough’ is tricky, as thresholds
are easily arbitrary. Studies on vegetation dynamics might be focused on a specific
ecosystem or biome. Some biomes in the Latin American Pollen Database have been more
intensively studied than others, and make up on important part of the database (Chapter 2,
Fig. 10). Examples are the cool grass shrublands and grasslands of the high Andes, the
páramos and the punas respectively, that have been studied since the early days of
paleoecology in Latin America. Also studies in the warm temperate evergreen forest are
relatively well represented. However, the latter studies are spread out over a larger
geographical distance and spatial uncertainty nevertheless increases. A simple calculation
of distance to the ‘nearest neighbour’ (the closest neighbouring fossil pollen record) can
indicate the degree of uncertainty in undertaking a comparison between sites within a
confound distance and within a certain period of time (Chapter 2, Fig. 3B). On the other
hand, even if there is a relative short distance between sample sites, the topographic
diversity of a region can add an increased element of complexity that can inhibit a sound
spatially explicit model.
What has become apparent throughout this thesis is that there is no “silver-bullet” answer
to the posed question here. Although spatially explicit models on vegetation dynamics seem
more feasible in highly sampled regions, care should be taken in making interpretations
over large spatial scales or topographically rich areas, and importantly without strong age
models supporting the comparing records. The importance of quantifying temporal
uncertainties is addressed in the following sections.

B. CONDITION: CHRONOLOGIES AND TEMPORAL UNCERTAINTIES
3) What is the temporal uncertainty of the Northern Andes and which periods are best
suitable to create spatially continuous land cover maps?
There are 126 records that span the late Pleistocene to the Last Glacial Maximum transition
(21,000 cal yr BP), and >20% of the total number of fossil pollen records (~ 1400) cover the
Younger Dryas interval and the Pleistocene/Holocene transition (11,700 cal yr BP). There is
an uneven coverage of younger time periods which is commonly seen in fossil pollen
records as many lakes are formed after the last glaciation. This unexpectedly confirms that
the “most recent” periods are best suitable to create spatially continuous land cover maps,
but here I specify how this was calculated in this thesis in terms of temporal uncertainty.
During the recent years, the number of ages used for stratigraphic age models has trended
upwards, meaning an increasing number of data control points (such as 14C-dates) are used
to support and constructed chronologies (Chapter 2., Fig. 4). There are different ways to
take into account the temporal uncertainty of fossil pollen records. For example, the ‘age
frequency’ is a measure calculated by taking the number of ages relative to the length of the
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time period covered by the pollen record sequence. This metric is used in Chapter 2 (Fig. 5),
showing that there is a high spatial variation in temporal uncertainty as estimated by age
frequencies. In other words, within the same region researchers have reference records
with dissimilar age frequencies. As a result, interpretations on comparisons should be done
cautiously.
Another way to estimate temporal uncertainty I addressed in Chapter 3 with a metric that
besides age model control points also considers other variables such as the resolution of
sampling depths. With this metric I calculated that the average temporal resolution of fossil
pollen records in the Northern and Central Andes (Venezuela, Colombia, Ecuador, Peru)
was c. 240 years, which falls within the upper range of values found for the European Pollen
Database (50 and 250 yr; Giesecke et al., 2014) and which is below the temporal resolution
estimated for North America (c. 500 yr), though a different metric was used in the latter
(Blois et al., 2011).

4) Does the temporal resolution of the multi-site synthesis allow research on submillennium-scale climate variability?
Interest in sub-millennium-scale climate variability has increased recently to understand
abrupt climate changes (rapid onset and duration ranging from 200 and 2500 yr; Urrego et
al. 2016) during the last 50,000 yr BP. Understanding rapid climate variability could offer
insights into current anthropogenic climate change. To support such research records need
strong chronological framework that allows the identification of rapid events, and possible
temporal leads and lags in responses (Urrego et al., 2014).
In this thesis I addressed this question focusing on a specific area of interest, namely the
Northern and Central Andes. Numerous records are available from this region (Chapter 2),
but the records and their corresponding age models vary substantially in terms of
resolution, chronological control points and period of time assessed. I made a
geochronological database gathering all the relevant metadata information on the available
age models and recalibrated – where possible – age models to obtain an estimate of the
temporal resolution of the fossil pollen records of the region (Chapter 3). After this
procedure, the temporal uncertainty was calculated to be c. 240 yr which allows research
on sub-millennium-scale climate variability. This mean error is effectively the temporal
limit for mapping and engaging into inter-site synthesis research within the Northern and
Central Andes.
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C. TRENDS: CHANGES OF TIME BETWEEN SITES
5) Which time periods show synchronous responses of pollen associations and are
there regional differences?
Andean forelands and Amazon lowlands are less well sampled compared to the Andean
region, but records suggest a relatively high resemblance in terms of responsiveness to
climate change in the past 2000 years. The lowland regions that are mainly moisture
balance driven (lowland Colombia, Amazon basin, southeastern Brazil, and the pampean
plains) show a tendency of wetter conditions during the past 1000 years but changes
initiate at somewhat different moments in time (e.g. Chapter 4, Figs. 11 and 12).
Temperature shifts are detected mostly in the highlands, but no clear pattern of change is
clearly detectable with high certainty.
Supported by recent fossil pollen records with an increased temporal resolution and
supported by high number of control datapoints (Chapter 2, Fig. 4 and 5), temporal and
spatial dissimilarities between records appear to be more the rule than the exception.
Previously it was more common practice to compare fossil pollen records from large
distances within e.g. the Andes, but results from this thesis suggest that synchronicity in
change might be an unlikely feature to look for.
Topographically rich areas, such as the Andes, show a high ‘local-site-specific-variability’
meaning that fossil pollen records that are within relatively short distance of 10s of
kilometres, show remarkable differences in vegetation responses in terms of timing and
direction of change (the latter meaning e.g. warmer or colder conditions). This was shown
when subdividing South America in subregions and by making inter-, and intra-regional
comparison of vegetation and climate dynamics during the last 2000 years (Chapter 4). The
effect of topography on local-site-specific-variability is multifaceted. First of all, over the
same distance the possible change in climate conditions is higher in mountainous regions
than in lowland areas. Profound shifts in temperature or humidity within a few kilometres
altitudinal and tens of kilometres latitudinal are common in the Andes (Marchant et al.,
2001).
Secondly, the expression of climate modes (interannual to multidecadal climate variability;
Chapter 4, Figs. 2-5) is spatially more diverse around mountainous areas. An example is the
Northern Andes (Venezuela, Colombia and Ecuador) where moisture supply stems from
distinct sources during the year. Here the morphology of the Andes (the three parallel
running mountain ranges in Colombia and the high Andean plateau in Ecuador) influences a
highly variable expression of climate modes. This is not surprising considering the complex
interaction well known to exist between mountains and climate (Chapter 8). As a result,
there seems to be a general lack of synchronicity in the responses of pollen associations
within mountainous areas (Chapter 4, Figs. 8, 9 and 13), although interpretations should be
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cautiously taken as human influence might have interfered with the climate signals, both in
highlands as in lowlands.

6) Is data from palynological site studies suitable for implementation into GIS, where it
is synthesized to create spatially continuous maps of past land cover?
Spatially continuous maps of past land cover are of interest for a wide range of researchers.
For instance, climate models would benefit from an increased understanding of land cover- climate feedback mechanisms (e.g. Villalba et al., 2009; Ahmed et al., 2013), and mapping
the extent of human driven change of land cover drives discussions on the timing and the
degree of human occupation (e.g. Amazon basin, Piperno et al., 2015; McMichael et al.,
2017).
Fortunately, the increasing number of data in publically available databases facilitate
continental scale synthesis work to identify temporal and spatial patterns of land cover
change (e.g. Europe, Finsinger et al., 2017). Different methodologies to make spatially
continuous maps of past land cover or biome types have been developed and implemented
in Europe, e.g. REVEALS (Trondman et al., 2015), and pseudobiomisation approach (Fyfe et
al., 2015). In South America, Marchant et al. (2002, 2009) engaged in displaying past
vegetation dynamics by using the biomisation methodology, showing that plotted
datapoints of pollen percentages of taxa can be similarly informative to show temporal
changes of environmental change. Continuous past land cover maps are, however, still
lacking.
In Chapter 5, I address this question here posed by taking a lowland study area with various
fossil pollen records and by looking into interpolation methods that can convert pollen
percentages to continuous maps of past land cover. In terms of mapping, one key conclusion
was derived from this study, namely that the geographical location of pollen sites is an
important determinant to be able to engage into spatially explicit models. Stated another
way: pollen sites distributed more evenly over an area of interest facilitate a more effective
interpolation, while a lineal transect of data points may only provide a limited amount of
information relevant for regional and- spatial interpretations. Also the number of available
datapoints influences the outcome of interpolations.
A topographically rich region calls for a different approach. In mountains biome surface
maps can be obtained by making assumptions on the elevational gradient that biomes
occupy. This means that biomes follow the same order from the lowlands to the highlands,
and a similar elevational range is seen throughout a region. Therefore, a single fossil pollen
record can be translated into a biome surface map to understand how biomes’ distributions
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changed through time. An example of this approach was shown in Chapter 6 in a
mountainous region on southern Colombia.
In conclusion, the outcome of spatially continuous maps of past land cover can provide
enriched insights into patterns not revealed by considering one record alone. Different
approaches are suitable for different regions, but without a doubt more data points will
make spatial output more robust for climate models and socio-ecological research to
benefit from.

D. PATTERNS: POLLEN, MOUNTAINS AND BIODIVERSITY
7) How do the landscape features in mountains influence the distribution of plant
associations under different climate conditions? (Chapter 6 and Chapter 7)
Forced by the plethora of changes during the Pleistocene, species migrated to new locations
and/or previously unused segments of their ecological range, while other species were
overwhelmed by the new constraints and rate of change, and went extinct. Some mountains
offered a safe harbour for species to reside and overcome climate variability, but
topographic heterogeneity can impose both opportunities and challenges to its residents.
The Pleistocene climatic cycles pushed species rhythmically along the mountain flanks,
opening temporary dispersal pathways to new regions and/or dividing populations into
isolated remnants.
Fragmentation is a spatial phenomenon causing reduction in surface area, increased edge
ratio, the separation of habitat patches (increased isolation) and an increased total number
of patches. The mountainous landscape is generally thought to cause mainly isolation as a
result of fragmented populations. The degree of fragmentation that species endured in the
past depends on the degree of topographic flickering within the mountain landscape
(introduced in Chapter 7 and quantified in Chapter 9). This is determined by surface
availability and degree of connectivity (the degree of potential flows of species through the
landscape) along the elevational gradient, and the amount of time that species resided at
certain elevations. These metrics help translate terrain ruggedness into an ecologically
meaningful variable that considers spatial and temporal features of the landscape.
By defining the degree of topographic connectivity a spatially explicit model can show
where reduced surface area and isolation is expected, leading possibly to extirpation of a
biome (e.g. subpáramo in La Cocha-region as shown in Chapter 6 or páramo areas in the
Western Cordillera as shown in Chapter 7). However, increased connectivity can also be
expected if the topography of the mountain follows a distinct shape than the commonly
anticipated ‘cone’-shape. For instance, the landscape features of the Ecuadorian mountain
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ranges facilitate rather than inhibit species dispersal. Thus, each mountain region has its
own surface and connectivity profile along the altitudinal and latitudinal range, causing a
complex pattern of possible corridors and barriers at different elevations.
As a result, different climate conditions cause through time a wide variety of spatial
configurations of isolated patches, groups of patches and larger core areas. This complex
interaction between topographic flickering and temporal climate fluctuations, in this thesis
called the ‘mountain fingerprint’, is proposed to be one of the important causes that species
richness differs between different mountain systems.

8) How is contemporary mountain biodiversity influenced by the spatial and temporal
dynamics of plant associations during the Pleistocene and specifically in terms of
‘historical connectivity’? (Chapter 7 and Chapter 9)
In this thesis I propose that from a dynamic landscape perspective, there are four
mechanistic processes that left an imprint in contemporary mountain biodiversity during
these climate shifts, namely fragmentation, colonization, intermixing and hybridization
(Chapter 7, Fig.1). Each process has been identified as a trigger for species diversification
and has the potential to stimulate species richness and genetic differentiation. A system
where all these processes are facilitated and dynamically interchanged is prone to
radiations and increase of biodiversity during a relatively short period of time.
Depending on the intrinsic characteristics of the mountain fingerprint, the different
mechanisms here proposed occurred in a spatially and temporarily diverse manner, and
thus left a complex imprint on contemporary mountain biodiversity. Fragmentation can
strongly influence the genetic structure of populations as isolation and consequently
allopatric speciation enhance divergence and phylogeographic breaks. Fragmentation
occurs in topographically rich areas due to certain elevation thresholds, such as valleys, but
restricted cross-mountain gene flow is also caused by high-elevation ridgelines and
extensive ice caps during wet glacial periods. Shifting climate conditions becoming optimal
for connectivity can facilitate colonization (the successful establishment after dispersal to
new areas) and as a consequence species might respond by increased diversification rates
(e.g. Collevatti et al., 2015). Historical connectivity between formerly isolated areas also
aids intermixing of species. Especially in clusters of isolated patches or population, species
diversity can benefit from parallel diversification during isolated phases, while subsequent
reconnection during climate optima facilitate interchange of species compositions. This
phenomenon is known from oceanic islands (Ali & Aitchison, 2014; Gillespie & Roderick,
2014) and equally applies to isolated of alpine ecosystems in mountainous areas. Finally,
connecting refugia or contact zones between refugia (after periods of allopatric speciation)
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are also susceptible areas to hybridization, a process that contributes to the overall species
richness though the formation of new lineages alongside the parental taxa.
In conclusion, the Pleistocene has been short (2.6 Myr) geologically speaking, but its
dynamic character facilitated the accumulation of mountain biodiversity over several
climatic cycles. Unsurprisingly, an increasing number of studies emphasize the importance
of considering historical processes in understanding contemporary biodiversity (e.g. Araujo
et al., 2008; Duncan et al, 2015). Without a doubt, the mountain fingerprint caused a
complex pattern of consecutive processes of connecting core areas, species dispersal,
disconnecting of populations, and local extinction as a result of the climate fluctuations
during the past millions of years. Although these described processes might be difficult to
disentangle in contemporary mountain biodiversity, overall differences between mountains
could be related to the degree of connectivity that was facilitated within the mountain
fingerprint (see conceptual comparison Chapter 9, Fig. 8). The rapidly advancing techniques
in phylogenetic studies are expected to further enrich our insights into the Pleistocene
legacy on mountain biodiversity, where historical connectivity will be playing an
increasingly important role (see Knowles et al., 2016, Kolář et al., 2016)

9) How is contemporary mountain biodiversity influenced by the spatial and temporal
dynamics of current climate and deep time geology?
A clear relationship between current climate and the mountain biodiversity is found for
regions around the world, where both temperature and precipitation play an important role
(Chapter 8). In regions where a strong orographic barrier is formed this relationship is very
evident, meaning that the warmer and wetter sides of mountains are hosting more species.
This pattern is clearly visible in the Central Andes and along the Himalayas, where
respectively the South American monsoon and the South-East Asian monsoon interacts
strongly with topography. The relationship between temperature and biodiversity is linear
at a global analysis, meaning that with increasing temperature biodiversity follows a similar
trend upwards (Chapter 8, Fig. 2). The relationship with precipitation is somewhat similar
but after c. 1500 mm rainfall per year species richness tends to decrease. That climate plays
a crucial role in shaping contemporary mountain biodiversity is in general terms not a
surprising finding as numerous studies have suggested water availability and temperature
to be key factors for predicting latitudinal and elevational gradients of biodiversity (e.g.
Hawkins et al., 2003; McCain 2005; Field et al. 2009; McCain and Grytnes, 2010). However,
when comparing between mountains important contrasting results are seen with varying
importance of each variable (precipitation, temperature, and their seasonality) and sometimes
contrasting relationships (positive or negative).
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The non-linear relationship between species richness and precipitation resembles a humpshape curve where the highest species richness levels are found around mid-precipitation
levels but become negative towards highest precipitation. This pattern is observed in North
America, East Africa and somewhat in High Asia (Chapter 8, Suppl. Figs 1-4). Increasing
temperatures cause increased species richness in all studied mountains, but temperature
range (difference between the highest and lowest temperature during the year) might have
a positive, e.g. North America, or negative effect, e.g. High Asia. In North America and the
Andes, precipitation seasonality plays a positive role related to species richness, while an
opposite pattern is observed in Eastern Africa. This inter-mountain analysis convincingly
shows that although temperature and precipitation are strong predictors of global patterns
of mountain biodiversity, their interactions vary between mountains.
The relationship between deep time geology and species richness is complex, and there is
an ongoing discussion if mountains were biodiversity cradles (where species originated and
consequently diversified to other regions; e.g. Dick & Wright, 2005) or museums (where
species survived relatively long ‘stable’ periods of time with low extinction rates, e.g.
Harrison and Noss, 2017), or possibly both (López-Pujols et al., 2011). In Chapter 8 a
quantitative assessment is presented to deepen our understanding of the relationship
between deep-time geological processes and biodiversity.
It is shown that deep-time geological processes, here represented by long-term erosion and
apatite fission track cooling ages, are positively related to species richness in regions such
as High Asia, where short term erosion plays an equally important role. This is suggested to
be related to the region’s diverse geological history with areas of high geological activity
and terrain ruggedness alongside older formations. It’s also a region with substantial
environmental heterogeneity reflected in high biodiversity. In the relatively young
Northern Andes, relief and short term erosion are the most prominent geological variables,
suggesting that recent processes interacting with current topography leave a strong imprint
on species richness. Interestingly, in North America and East Africa, cooling age and long
term erosion are negatively related with biodiversity. These regions are probably also the
oldest formations in the analysis here completed. The highest elevations might be relatively
young but mountain building consists mainly of ancient features. Long term erosion
processes might have weathered the landscape to such extend that topography lacks ample
heterogeneity, and as a result a lack of topographic ruggedness might tamper regional
species richness. Considering the geographical and geological differences between
mountains it is not surprising that this relationship is not straightforward and has been
difficult to disentangle. The future integration of geology, biology and phylogeography is
expected to enrich insights into the complex history of mountain biodiversity.
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SUMMARY
This thesis focuses on Latin America. It uses paleobotanic data which are indicative of past
vegetation and climate change on the basis of relationships between fossils left by the modern
vegetation and modern environmental conditions. For the first time, palynological data is
analyzed spatially in a Geographic Information System (GIS) and linked to climate change and
the processes ('climate modes') that are driving these changes. Finally, long pollen records are
used as source of information to derive the spatial dynamics of mountain ecosystems during
the last million years of Pleistocene. On the basis of a newly developed concept of the
relationship between the mountain profile and the fragmentation of the páramo ecosystem
under a constantly changing climate, for the first time it was qualitatively defined where the
páramo ecosystem had often become fragmented or even completely disappeared, while
determining quantitatively how much time of Pleistocene corridors existed between different
parts of the archipelago of páramo islands, or if connections were discontinued. The latter has
major consequences for the species in mountainous areas and plays an important role in
explaining current patterns of biodiversity.
The general aim of this thesis is to study the temporal and spatial responses of biomes to
Pleistocene climate change. This thesis presents both overview papers with synthesis work
elaborated on different topics and spatial scales, as well as assessments on specific case
study areas in South America. Fossil pollen records have a strong temporal character,
mainly aimed at reconstructing vegetation changes through time. When pollen records from
different locations are compared, new questions arise that can have a stronger spatial
dimension. Therefore, this thesis is structured following the general categories of questions
that arise when performing spatial analysis on any data set, namely Location, Condition,
Trends and Pattern Analyses. A ‘Location Analysis’ focuses on describing ‘what exists
where’, in this case providing an extensive overview of Latin American research on fossil
pollen records and modern pollen rain samples (CHAPTER
(CHAPTER 2). A ‘Condition Analysis’
focuses on locations at which certain conditions are satisfied, in this case fossil pollen
records that fulfill a certain threshold of temporal quality requirements for their age models
(CHAPTER 3). A spatial analysis that combines information on both location and condition
(CHAPTER
to study changes over time between sites is addressed in a ‘Trends Analysis’. In this thesis,
fossil pollen records within a certain region are compared and the degree of synchronicity
of the responses of pollen associations to climate change is assessed (CHAPTER 4 and
CHAPTER 5). Spatial analysis derives its full strength from integrating different datasets to
CHAPTER
determine spatial patterns and relationships that might exist. Such ‘Pattern Analysis’ is used
CHAPTER 6 to understand the interaction between shifting biome distributions due to
in CHAPTER
climate changes and mountain topography on a local scale (small region around a lake),
CHAPTER 9 performs such analysis on the scale of the Northern Andes. These
whereas CHAPTER
CHAPTER 7
chapters (6 and 9) are supported by a conceptual framework I develop in CHAPTER
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where I postulate that defining the degree of historical connectivity of ecosystems is key in
understanding contemporary patterns of biodiversity. In CHAPTER 8, spatial pattern
analysis is done on a global scale to determine the link between mountain biodiversity and
geology. Below, I present the summary of each chapter in more detail:
LOCATION ANALYSIS: The Latin American Pollen Database (LAPD) constitutes of pollen
records located in Central and South America, the Caribbean and Mexico. The last overview
paper on paleoecological research in Latin America came out in 2009 (Marchant et al.,
2009), but a rigorous check of literature had been lacking since 2003. In this thesis the
results of an updated site overview of the LAPD up to the year 2014 are presented in
CHAPTER 2. Especially in the last decade, there has been a substantial increase in the
number of publications (c. 50-60/year), becoming increasingly multi-proxy, chronologically
better dated and addressing a wider range of topics. The inventory currently includes 1379
stratigraphic cores and sections with paleoecological data, and more than 4800 modern
pollen rain samples from throughout the region. Pollen datasets have shown improved
taxonomic and temporal resolution. Currently, these datasets are from 12 modern biomes
and 30 countries, covering an altitudinal range of 0 to 6300 m above sea level. Some regions
are more densely sampled compared to others, just as that some biomes have been studied
more intensively.
CONDITION ANALYSIS: The chronological backbone of fossil pollen records is assessed in
more detail through the creation of a geochronological database and temporal uncertainty
assessment of age models (CHAPTER 3). Over 5100 control points have been used to date
pollen records throughout Latin America, mostly by 14C dating, tephra chronology, fission
track dating, Optically Stimulated Luminescence Dating (OSL) and 210Pb dating.
Unsurprisingly, the majority (68 %) of the geochronological dates from the LAPD fall within
the last 10,000 calibrated years before present. An 8 % of dating results covers the oldest
range of 14C dating and beyond. CHAPTER 3 further presents an overview on
geochronological reporting and age modeling showing that an increasing number of sites
use statistical approaches for their chronologies. Nevertheless many sites still lack age
models and/or recalibrated control points. Additional information is being lost as
researchers lack understanding of dealing with post-bomb 14C or different calibration
curves. It is expected that open source age modelling packages will improve the overall
quality of chronologies of future sites. The temporal resolution of records in northwest
South America (n=233: Venezuela, Colombia, Ecuador, Peru, Bolivia) is c. 235 yr with age
models that present a relatively low temporal uncertainty (star classification: 3 out of 4). In
comparison with the European Pollen Database (resolution between 50 and 250 yr;
Giesecke et al., 2014) and the North American Pollen Database (500 yr; Blois et al 2011).
This outcome of an average temporal resolution of c. 235 yr is surprisingly high and opens
the doors for more detailed research questions on millennium-scale climate variability.
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TRENDS ANALYSIS: In CHAPTER 4, vegetation-climate dynamics and human impact were
assessed in more detail for South America and for the last 2000 yr. Using a set of 60 pollen
records that fulfilled certain chronology and resolution criteria, it is shown that the last
2000 years display spatially and temporarily diverse response patterns of a temperature
and moisture balance. Lowland sites generally show similar patterns of climate change
during the last 2 kyr and apparently synchronous events are observed over a larger spatial
scale. Coastal regions towards the east of South America are evidently moisture driven just
as the Amazonian inlands. Pollen records in the Andean region are much more influenced
by local geographical variability and display both temperature and precipitation driven
responses, however, neither uniform in timing nor in degree of response and not
necessarily uniform in direction of response. Until now, many studies solemnly address the
Inter-Tropical Convergence Zone as a driving force of changing environmental conditions
influencing vegetation. However, both Atlantic and Pacific climate modes have a significant
influence over the continent. Disentangling the different modes is still a difficult challenge,
but recent high resolution records are now increasingly reporting signals from different
climate modes.
Fossil pollen records are often located at a boundary between two biomes (ecotone) where
shifting biome distributions due to climate change show a sensitive signal in the pollen
CHAPTER 5, fossil pollen records in eastern Colombia are used to reconstruct
diagram. In CHAPTER
the migration of the forest-savanna ecotone since the last glacial maximum. The specific aim
of this chapter is to present a case study where Geographic Information System (GIS) and
data from palynological site studies are combined to see if temporal trends are properly
detected in a spatial environment. By logistic regression, a predictive model was
constructed to obtain insights into the climatic conditions defining this ecotone. Fossil
pollen records are interpolated for different time bins to reconstruct the latitudinal shift of
the savanna-forest transition. Mapping a pollen dataset comes with several temporal and
spatial restrictions. First of all, the locations of the pollen records can be restrictive for an
adequate spatial reconstruction of a region and especially when a certain spatial direction
of change is intended to be mapped. Secondly, the temporal overlap of pollen records
generally facilitates mapping for recent time frames (e.g. the past 3000 years), but older
time bins are restrained by the lack of data points for proper interpolation. Finally, the
translation of the forest-savanna pollen percentages to a spatial map is based on a set of
assumptions on the degree of pollen influx. This has been identified as being challenging in
forest-savanna settings, exemplifying the importance of studies on modern pollenvegetation relationships.
CHAPTER 6 a new approach was taken on in terms of analyzing
PATTERN ANALYSIS: In CHAPTER
a temporal dataset into a spatial environment like GIS. This chapter is the first of several
chapters that integrate biome and species distribution patterns, climate change dynamics
and landscape thresholds for connectivity in montane areas. Here the upper forest line is
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reconstructed from pollen record La Cocha-1, located in the southern Colombian Andes.
First, the surface areas of the four main biomes of the region were reconstructed for four
periods in time. Then the topography was analyzed in terms of surface and relief variability,
and its impact on the degree of connectivity for the páramo biome in the region. The degree
of páramo connectivity along the elevational gradient is calculated to give a sense of the
influence of the topography on the potential gene flow between páramo patches. As a result,
the elevation thresholds in the landscape can be identified as playing a role during climate
changes in facilitating or inhibiting species dispersal and gene flow. Different rates of
change were calculated, such as the rate of elevation change of the upper forest line and
also the rate of ecological change based on the palynological turnover and dissimilarity
coefficient between temporally adjacent pollen spectra. Interestingly, the latter are shown
to be highly influenced by the length of the time steps between pollen samples, and thus
care should be taken in this often used proxy as an indicator for palynological change. Since
the last glacial maximum (LGM), forest biomes have increased while páramo is being
pushed to a narrower altitudinal range due to the upslope migration of the upper forest
line. These shifts of the upper forest line can be swift (20 vertical m/yr and more), causing
the local extirpation of the ecotone biome (subpáramo) between páramo and forest and
important losses in connectivity of páramo. Although the present-day páramo biome
reflects only 4% of its LGM distribution, its level of diversity seems untouched. During
Pleistocene times the gene pools of these species must have passed such bottlenecks
multiple times. Assessments concerning connectivity directly inform our understanding of
montane biome dynamics through time and space.
The connectivity calculated in CHAPTER 6 for a case study area in Colombia encouraged
the development of a conceptual framework chapter around the importance of historical
connectivity for contemporary mountain biodiversity, here elaborated in CHAPTER 7. The
influence of mountain topography and climate changes on the distribution of plant
associations is discussed in the timeframe of Pleistocene climate change. During this period
very rapid evolutionary processes have been detected for species in several mountainous
areas around the world, including the Northern Andes. By understanding the ‘flickering’
character of the Pleistocene climate, it can be understood how dramatic the reshuffling of
species distributions must have been in mountainous settings. In this chapter I show that
not only periods of fragmented distributions have been important for contemporary species
richness and rapid evolutionary processes, but even more importantly the phases of
increased connectivity. The importance of considering historical connectivity is exemplified
by a paleogeographical reconstruction of the páramo biome in the Northern Andes at twelve
different positions of the upper forest line, supported by a range of case studies from different
regions around the world.
In CHAPTER 8 mountain biodiversity is put into a wider perspective in terms of space and
time. Much of the present global biodiversity is located in mountains of which the Andes
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harbor an exceptional high proportion. The global assessment presented in this chapter
aims at exploring the links and feedbacks between mountain biodiversity and geology,
climate and soil. A global database on species richness is obtained on birds, mammals and
amphibians. The geology of mountain systems is represented by different proxies on
exhumation, long- and short-term erosion rates, and topography. This chapter shows that
these geological variables are strong predictors of mountain biodiversity, confirming the
key role of mountain building processes in shaping patterns of global biodiversity. In the
Andes, the strongest predictor of vertebrate diversity in terms of climate is temperature,
while the relief and the roughness of the landscape are key features to explain current
species richness. Also, biodiversity is highest in the relatively young Northern Andes in
comparison to the older Central or Southern Andes. Interestingly, this is also the region
where rapid and recent radiations have occurred during the Pleistocene (More on this topic
can be found in CHAPTER 7 and CHAPTER 8). From this chapter the clear interaction
between mountain building and diversity becomes evident, and that the way they interact is
region dependent and further exemplifies the need to better understand the historical
processes that drove that interaction.
The conceptual framework presented in CHAPTER 7 on the importance of historical
connectivity to explain contemporary biodiversity is further elaborated in CHAPTER
CHAPTER 9.
The historical connectivity of the tropical alpine biome in the Northern Andes (páramo) is
quantified during the last million years of the Pleistocene. Paleo-reconstructions of páramo
distributions are derived by reconstructing the upper forest line based on long pollen
records. Additionally, snowline changes of the regional glaciers are also taken into account
in the surface estimates of the páramo distribution. To fully understand the biogeographical
history of the páramo, the presented paleo-reconstructions are integrated with
geographical reconstructions based on phylogenetic trees. The Pleistocene evolution of
páramo vegetation took place in a predominantly migration-prone landscape, thanks to the
downward bioclimatic shifts caused by climatic cooling that dominated most of the Pleistocene
(c. 75%). Pleistocene interglacials inhibited gene flow - causing allopatric speciation - while
glacial periods significantly increased evolutionary diversification due to intermixing and
hybridization. A number of present high-altitude páramos are regions that have been
isolated even during some glaciations, due to strong topographic barriers. Other regions
are identified to have persisted throughout extensive periods of time, maintaining a
relatively high surface availability through time while also displaying the highest relative
connectivity throughout the Northern Andes. Interestingly, these are also the regions that
display a high species richness in present time. Regions that only display a high surface
availability for páramo throughout the Pleistocene, but not have been well connected,
display a lower species richness and a relatively high number of endemic species. This
chapter does not only support the hypothesis presented in CHAPTER
CHAPTER 7, but also shows the
importance of integrating different disciplines to assemble the biogeographical history of
mountain diversity.
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SAMENVATTING
Dit proefschrift richt zich op Latijns-Amerika. Het gebruikt paleobotanische data die met
behulp van de recente relatie tussen botanische fossielen en de bijbehorende ecologische
omstandigheden, indicatief zijn voor vegetatie- en klimaatveranderingen in het
verleden.Vervolgens worden – voor het eerst – palynologische data in een Geografisch
Informatie Systeem (GIS) ruimtelijk geanalyseerd en in verband gebracht met
klimaatverandering en de processen (‘klimaatmodi’) die daarin drijvend zijn. Tenslotte
worden lange pollendiagrammen als informatiebron gebruikt om de ruimtelijke dynamiek van
bergecosystemen af te leiden gedurende de laatste miljoen jaar van het Pleistoceen. Op basis
van een nieuw ontwikkeld concept over de relatie tussen bergprofiel en de versnippering van
het páramo ecosysteem onder een voortdurend veranderend klimaat kon – voor het eerst –
kwalitatief vastgesteld worden waar het páramo ecosysteem vaak versnipperd is geraakt of
zelfs geheel verdwenen is, én kwantitatief worden vastgesteld gedurende hoeveel tijd van het
Pleistoceen verbindingen bestonden tussen de delen van de archipel van páramo ‘eilanden’ of
connecties waren verbroken. Dit laatste heeft grote gevolgen voor de soortvorming in een
berggebied en heeft een sterke verklarende rol voor huidige patronen van biodiversiteit.
Het doel van dit proefschrift is het bestuderen van de temporele en ruimtelijke respons van
ecosystemen op klimaatverandering gedurende het Pleistoceen. Dit proefschrift
presenteert zowel syntheses van verschillende thema's op verschillende ruimtelijke
schalen, alswel analyses van specifieke gebieden binnen Zuid-Amerika.
Fossiele pollenrecords hebben een sterk temporeel karakter, vooral gericht op het
reconstrueren van vegetatieveranderingen door de tijd. Wanneer pollenrecords van
verschillende locaties worden vergeleken, ontstaan nieuwe vragen die een sterke
ruimtelijke dimensie kunnen hebben. Daarom is dit proefschrift gestructureerd volgens
vragen die zich voordoen bij het uitvoeren van ruimtelijke analyse, namelijk Locatie,
Voorwaarde, Trends, en Patronen. Een 'Locatie Analyse' concentreert zich op het
beschrijven van 'wat bestaat waar', in dit geval een uitgebreid overzicht van LatijnsAmerikaans onderzoek over fossiele pollenrecords en monsters van moderne pollenregen
(HOOFDSTUK 2). Een 'Voorwaarde analyse' concentreert zich op locaties waar bepaalde
voorwaarden zijn voldaan, in dit geval fossiele pollenrecords waarvan de leeftijdsmodellen
voldoen aan bepaalde kwaliteitseisen (HOOFDSTUK 3). Een ruimtelijke analyse die
informatie combineert over locaties en voorwaarden om de veranderingen door de tijd en
tussen sites te bestuderen is een 'Analyse van Trends'. In dit proefschrift worden fossiele
pollenrecords binnen een bepaald gebied vergeleken en wordt de mate van synchroniciteit
van de vegetatieverandering bestudeerd (HOOFDSTUK 4 en HOOFDSTUK 5). Een
ruimtelijke analyse ontleent zijn kracht aan het integreren van verschillende datasets om
ruimtelijke patronen en relaties vast te stellen. Een dergelijke 'Analyse van Patronen' wordt
in HOOFDSTUK 6 gebruikt om veranderende ecosystemen als gevolg van
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klimaatverandering en bergtopografie op lokale schaal (een klein gebied rond een meer)
beter te begrijpen, terwijl in HOOFDSTUK 9 deze analyse wordt uitgevoerd voor de gehele
Noordelijke Andes. Beide hoofdstukken worden vanuit een conceptuele analyse
ondersteund door HOOFDSTUK 7 waarin ik een betoog houd over de toegevoegde waarde
van het bestuderen van de mate van historische connectiviteit van ecosystemen om huidige
patronen van biodiversiteit beter te kunnen begrijpen. In HOOFDSTUK 8 wordt een
‘Patroonanalyse’ op wereldschaal uitgevoerd om het verband tussen biodiversiteit in
bergen en de geologie beter te begrijpen. Hieronder presenteer ik de samenvatting van
ieder hoofdstuk in meer detail.
LOCATIE ANALYSE: De Latijns-Amerikaanse Pollen Database (LAPD) bestaat uit
pollenrecords gelegen in Midden- en Zuid-Amerika, het Caribisch gebied en Mexico. Het
laatste overzicht over paleoecologisch onderzoek in Latijns-Amerika kwam uit in 2009
(Marchant et al., 2009), maar nieuwe literatuur werd sinds 2003 niet meer bijgehouden. In
dit proefschrift wordt een bijgewerkt en actueel overzicht van de Latijns-Amerikaanse
Pollen Database gepresenteerd in HOOFDSTUK 2. Vooral in het afgelopen decennium is er
een aanzienlijke toename van het aantal publicaties (c. 50-60 per jaar), die naast pollen
steeds meer variabelen (proxies) bestuderen, chronologisch beter zijn gedateerd, en een
breder scala aan onderwerpen bespreken. De opgemaakte inventaris in HOOFDSTUK 2
bevat momenteel 1379 stratigrafische sequenties met paleoecologische gegevens, en meer
dan 4800 monsters van de moderne pollenregen uit de hele regio. Pollen datasets hebben
inmiddels verbeterde taxonomische en temporele resolutie. Momenteel bestrijken deze
datasets 12 verschillende ecosystemen in 30 landen, gelegen op hoogtes tussen 0 en 6300
m boven zeeniveau. Bepaalde gebieden zijn in het verleden meer bemonsterd dan andere,
en sommige ecosystemen veel intensiever dan andere.
VOORWAARDE ANALYSE: De chronologische ‘ruggengraat’ van fossiele pollenrecords in
Latijns-Amerika wordt geanalyseerd door het bepalen van de mate van temporele
onzekerheid van leeftijdsmodellen (HOOFDSTUK 3). Meer dan 5100 controlepunten zijn
gebruikt om pollenrecords door heel Latijns-Amerika te dateren, voornamelijk door 14Cdatering, tephra chronologie, fision track datering, optisch gestimuleerde luminescentie
(OSL) datering en 210Pb datering. Het is niet verbazingwekkend dat de meerderheid (68%)
van de chronologische data uit de LAPD binnen de laatste 10.000 gekalibreerde jaren valt.
Het oudste bereik van 14C dating en ouder is te vinden in 8% van de data. HOOFDSTUK 3
presenteert een overzicht van geochronologische verslaggeving in publicaties en toont aan
dat steeds meer sites statistische benaderingen presenteren voor hun chronologieën. Maar
toch hebben veel sites nog steeds geen leeftijdsmodellen en/of opnieuw gekalibreerde
controlepunten. Aanvullende informatie ontbreekt regelmatig, omdat onderzoekers
onvoldoende weet hebben van post-bom 14C dateringen of verschillende kalibratiecurves
om leeftijdsmodellen te kunnen bepalen. Verwacht wordt dat vrije toegang tot
softwarepakketten voor het maken van leeftijdsmodellen de algemene kwaliteit van
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chronologieën van toekomstige sites zullen verbeteren. De temporele resolutie van de
noordwestelijke Zuid-Amerikaanse records (n = 233; Venezuela, Colombia, Ecuador, Peru,
Bolivia) is c. 235 jaar (sterrenclassificatie: 3 van de 4). In vergelijking met de Europese
Pollen Database (resolutie tussen 50 en 250 jaar; Giesecke et al., 2014) en de NoordAmerikaanse Pollen Database (500 jaar; Blois et al 2011) is een gemiddelde resolutie van c.
235 jaar verrassend hoog met als positief gevolg dat onderzoeksvragen over
klimaatvariabiliteit op millenniumschaal beantwoord zouden kunnen worden.
ANALYSE VAN TRENDS: In HOOFDSTUK 4 worden de vegetatie- en klimaatdynamiek en
de menselijke impact in Zuid-Amerika voor de laatste 2000 jaar in meer detail bekeken. Met
behulp van een set van 60 pollenrecords die voldoen aan vooraf bepaalde criteria voor
chronologie en resolutie, blijkt dat er in de afgelopen 2000 jaar ruimtelijk, en door de tijd
heen, een divers responspatroon van de vegetatie op temperatuur en neerslag heeft
plaatsgevonden. Over het algemeen tonen laagland studies vergelijkbare patronen van
klimaatverandering. Op grotere ruimtelijke schaal lijken veranderingen vooral neerslag
gedreven, net zoals in de binnenlanden van het Amazone gebied. Pollenrecords tonen dat in
de Andes vegetatieveranderingen veel meer beïnvloed worden door lokale geografische
variabiliteit. Andiene pollenrecords tonen zowel temperatuur als neerslag gedreven
verandering maar veranderingen zijn niet uniform in timing noch in responsgrootte, en ook
niet noodzakelijkerwijs uniform in dezelfde richting. Tot op heden hebben veel studies de
Inter-Tropische Convergentie Zone (ITCZ) aangewezen als de drijvende kracht van
veranderende klimaatomstandigheden. Echter, verschillende ‘klimaatmodi’ gedreven door
de Atlantische Oceaan en/of de Stille Oceaan hebben een aanzienlijke invloed op het
continentale klimaat. Het ontrafelen van de verschillende klimaatmodi is nog steeds
moeilijk, maar in recente hoge-resolutie records worden nu steeds meer signalen van
verschillende klimaatmodi herkend.
Fossiele pollenrecords zijn vaak gelegen op een grens tussen twee ecosystemen (ecotoon),
waarbij het verschuiven van de grens als gevolg van klimaatverandering een gevoelig
signaal laat zien in het pollendiagram. In HOOFDSTUK 5 worden fossiele pollenrecords in
oostelijk Colombia gebruikt om de migratie van de savanna-bos ecotoon sinds het
maximum van de laatste ijstijd (c. 20.000 jaar geleden) te reconstrueren. Het specifieke doel
van dit hoofdstuk is het presenteren van een voorbeeldstudie waarbij een Geografisch
Informatiesysteem (GIS) en palynologische data gecombineerd worden om te zien of de
temporele trends in een ruimtelijke setting goed gedetecteerd kunnen worden. Door een
logistieke regressiemethode te gebruiken is een voorspellend model opgebouwd om inzicht
te krijgen in de klimatologische omstandigheden die deze ecotoon definiëren. Fossiele
pollenrecords worden voor verschillende tijdvakken geïnterpoleerd om de latitudinale
verschuiving van het savanne-bos ecotoon te reconstrueren. Het in kaart brengen van
verschillende pollen datasets heeft temporele en ruimtelijke beperkingen. Allereerst
kunnen de locaties van de pollenrecords beperkend zijn voor een adequate ruimtelijke
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reconstructie van een gebied en vooral wanneer een bepaalde ruimtelijke richting van
verandering in kaart dient te worden gebracht. Ten tweede, voor recente tijdsintervallen is
het makkelijker om vegetatieveranderingen in kaart te brengen door de temporele overlap
tussen pollenrecords (bijvoorbeeld in de afgelopen 3000 jaar). Echter, voor oudere
tijdsintervallen is het gebrek aan datapunten vooralsnog belemmerend voor een goede
interpolatie. Tenslotte zijn de percentages van bos en savanne op basis van aannames over
de karakteristieke pollenregen van beide ecosystemen vertaald naar een ruimtelijke kaart.
Dit aspect is al eerder opgemerkt als uitdagend in omstandigheden waar bos en savanne
elkaar afwisselen en dit accentueert het belang van toekomstige studies over de relatie
tussen moderne pollenregen en de huidige vegetatie.
ANALYSE VAN PATRONEN: In HOOFDSTUK 6 is een nieuwe benadering gemaakt voor het
analyseren van pollendata in een ruimtelijke omgeving, zoals GIS. Dit hoofdstuk is de eerste
van meerdere hoofdstukken die de verbreiding van ecosystemen, plantensoorten,
klimaatverandering, en landschapsbarrières voor connectiviteit in montane gebieden
integreert. Hier is de bovenste bosgrens gereconstrueerd uit het pollendiagram van La
Cocha-1, gelegen in de zuidelijke Colombiaanse Andes. Ten eerste wordt voor dit gebied het
oppervlak van de vier belangrijkste bergecosystemen voor vier verschillende periodes in de
tijd gereconstrueerd. Daarna is de topografie in termen van oppervlakte en
reliëfvariabiliteit geanalyseerd, en de invloed ervan op de mate van connectiviteit voor het
páramo ecosysteem in het studiegebied. De mate van páramo-connectiviteit langs de
hoogtegradiënt is berekend om de invloed van de topografie op mogelijke genetische
uitwisseling tussen populaties van páramos planten weer te geven. Op basis daarvan
kunnen barrières in het landschap worden geïdentificeerd die een rol spelen bij het
vergemakkelijken of remmen van de verbreiding van soorten en genetisch materiaal. De
snelheid van verandering is berekend voor fluctuaties in de hoogte van de bosgrens, en de
mate van ecologische verandering is gebaseerd op veranderingen in de samenstelling van
de pollenspectra. Interessant genoeg blijkt dat het berekenen van het percentage van
veranderingen tussen opeenvolgende pollenspectra sterk beïnvloed wordt door de lengte
van de tijdstapjes tussen pollenmonsters. Daarom wordt aangeraden om deze vaak
gebruikte proxy als indicator voor palynologische veranderingen met voorzichtigheid te
gebruiken. Sinds het laatste glaciale maximum (LGM) is het oppervlak van bosecosystemen
toegenomen, terwijl de páramo zich terug trok naar de toppen van de noordelijke Andes.
Deze verschuivingen van de bovenste bosgrens kunnen zich snel voltrekken (tot 20
verticale meters per jaar, en meer), waardoor het subpáramo ecosysteem door het bos
‘overlopen’ wordt en tijdelijk verloren kan gaan. Connectiviteit met andere páramo
gebieden brengt het páramo ecosysteem na enkele eeuwen weer terug. Hoewel in het
studiegebied het huidige páramo ecosysteem slechts 4% van zijn LGM-oppervlak
weerspiegelt, lijkt de biodiversiteit onaangetast. Tijdens het Pleistocene moet het genetisch
materiaal van soorten meerdere knelpunten hebben doorstaan. Analyses met betrekking
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tot historische connectiviteit kunnen direct inzicht geven in de dynamiek van montane
ecosystemen in ruimte en tijd.
De connectiviteit voor een voorbeeld-gebied in Colombia zoals berekend in HOOFDSTUK 6,
moedigde aan om een conceptueel kader te ontwikkelen rond het belang van historische
connectiviteit voor hedendaagse biodiversiteit in berggebieden, hier uitgewerkt in
HOOFDSTUK 7. De invloed van bergtopografie en klimaatveranderingen op planten wordt
besproken voor het tijdvak van het Pleistoceen. In het Pleistoceen zijn in bergachtige
gebieden over de gehele wereld, waaronder de noordelijke Andes, voor een aantal soorten
zeer snelle evolutionaire processen vastgesteld. Door het 'flikkerende' karakter van het
Pleistocene klimaat te begrijpen, kan men inzicht krijgen hoe dramatisch de herschikking
van arealen van soorten in bergachtige omstandigheden moet zijn geweest. In dit hoofdstuk
laat ik zien dat niet alleen perioden van geïsoleerde arealen belangrijk zijn voor de huidige
soortenrijkdom en snelle evolutionaire processen, maar óók de fasen van verhoogde
connectiviteit. Het belang van het overwegen van historische connectiviteit voor het
begrijpen van de huidige patronen van biodiversiteit wordt geïllustreerd door een
paleogeografische reconstructies van het páramo ecosysteem in de noordelijke Andes voor
twaalf verschillende posities van de bosgrens. Dit wordt verder ondersteund door een reeks
voorbeelden uit verschillende regio's over de hele wereld.
Biodiversiteit in de bergen wordt in ruimer perspectief bekeken en vergeleken in
HOOFDSTUK 8. Op mondiale schaal ligt veel van de huidige biodiversiteit in bergen
waarvan de Andes een uitzonderlijk hoog percentage heeft. De analyse op wereldschaal die
in dit hoofdstuk wordt uitgevoerd, is gericht op het verkennen van de drivers en
versterkende terugkoppelingen tussen montane biodiversiteit en de regionale geologie,
klimaat en bodem. Een wereldwijde database over soortenrijkheid werd verkregen van
vogels, zoogdieren en amfibieën. De geologie van bergsystemen is vertegenwoordigd door
verschillende variabelen zoals exhumatie, erosiepercentages op korte en lange tijdsschalen,
en de topografie. In dit hoofdstuk blijkt dat deze geologische variabelen belangrijke
voorspellende waarde hebben voor bergbiodiversiteit waarmee de sleutelrol van de
vormingsprocessen van bergen in het tot stand brengen van de wereldwijde biodiversiteit
wordt bevestigd. In de Andes is voor vertebraten temperatuur de sterkste voorspeller van
diversiteit, terwijl reliëf en de heterogeniteit van het landschap belangrijke kenmerken zijn
om de huidige soortenrijkheid te verklaren. Biodiversiteit is het hoogst in de relatief jonge
Noordelijke Andes in vergelijking met de oudere Centrale en Zuidelijke Andes. Interessant
genoeg is de Noordelijke Andes ook het gebied waar tijdens het recente Pleistoceen zich
snelle evolutionaire processen hebben voorgedaan (Meer over dit onderwerp vindt u in
HOOFDSTUK 7 en HOOFDSTUK 9). Dit hoofdstuk laat een duidelijke interactie zien tussen
gebergtevorming en diversiteit en dat de manier waarop beide integreren regioafhankelijk
is. Dit illustreert de noodzaak om historische processen die de interactie hebben
aangestuurd beter te begrijpen.
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In HOOFDSTUK 7 is een nieuw conceptueel kader gepresenteerd over het belang van
historische connectiviteit om de hedendaagse biodiversiteit te verklaren en deze wordt
verder uitgewerkt in HOOFDSTUK 9 met kwantitatieve berekeningen. De historische
connectiviteit van het tropische alpiene ecosysteem in de noordelijke Andes (páramo)
wordt gekwantificeerd tijdens de laatste miljoen jaar. Paleoreconstructies van de
verbreiding van páramo arealen zijn verkregen door het reconstrueren van de hoogste
bosgrens op basis van lange pollenrecords. Daarnaast worden ook de veranderingen van de
regionale gletsjers in aanmerking genomen om een nauwkeuriger schatting te kunnen
maken van het oppervlak van de páramo. Om de biogeografische geschiedenis van de
páramo te begrijpen, worden de gemaakte paleoreconstructies geïntegreerd met andere
geografische reconstructies op basis van fylogenetische stambomen. Gedurende het
Pleistoceen vond evolutie in páramo arealen overwegend plaats in een migrerend
landschap, gedreven door het feit dat tijdens het Pleistoceen voornamelijk (gedurende c.
75%) koele tot koude klimaatcondities heersten. Voor het páramo ecosysteem waren
relatief warme interglaciale periodes belemmerend voor het uitwisselen van genetisch
materiaal met allopatrische soortvorming als gevolg. Gedurende ijstijden kon de
evolutionaire diversificatie aanzienlijk toenemen door het mixen van soorten tussen
páramo ‘eilanden’ en door hybridisatie. Een aantal van de huidige páramo arealen ligt op
dusdanige hoogte dat deze zelfs tijdens sommige ijstijden van de laatste miljoen jaar door
sterke topografische barrières geïsoleerd zijn gebleven. Sommige páramo gebieden hebben
de vele Pleistocene klimaatveranderingen doorstaan met voortdurend een relatief groot
oppervlak terwijl ook een hoge mate van connectiviteit behouden kon worden. Interessant
genoeg zijn dit ook de regio's die tegenwoordig een hoge soortenrijkdom laten zien. Regio's
die alleen een groot oppervlak voor páramo beschikbaar hadden in het Pleistocene, maar
niet goed verbonden zijn geweest met andere gebieden, tonen een lagere soortenrijkdom
en een relatief groot aantal endemische soorten. Dit hoofdstuk ondersteunt niet alleen de
hypothese die in HOOFDSTUK 7 wordt voorgelegd, maar toont ook het belang aan van het
integreren van verschillende disciplines om de biogeografische geschiedenis van diversiteit
in de bergen te kunnen begrijpen.
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RESUMEN
RESUMEN
Esta tesis se enfoca en América Latina. Utiliza datos paleobotánicos que son indicativos
de la vegetación pasada y el cambio climático en base a las relaciones entre los fósiles
dejados por la vegetación moderna y las condiciones ambientales modernas. Por
primera vez, los datos palinológicos se analizan espacialmente en un Sistema de
Información Geográfica (SIG) y están vinculados al cambio climático y a los procesos
('modos climáticos') que impulsan estos cambios. Por último, los registros de polen
largos se utilizan como fuente de información para derivar la dinámica espacial de los
ecosistemas de montaña durante los últimos millones de años del Pleistoceno. Sobre la
base de un concepto recientemente desarrollado de la relación entre el perfil de la
montaña y la fragmentación del ecosistema páramo en un clima bajo un constante
cambio, se definió por primera vez cualitativamente dónde el ecosistema del páramo se
había fragmentado a menudo o incluso había desaparecido completamente; mientras se
determinaba cuantitativamente cuánto tiempo de los corredores del Pleistoceno existía
entre diferentes partes del archipiélago de las islas páramo, o si se interrumpían las
conexiones. Esta última tiene mayores consecuencias para las especies en las zonas
montañosas y juega un papel importante en la explicación de los patrones actuales de
biodiversidad.
El objetivo general de esta tesis es estudiar las respuestas temporales y espaciales de
los biomas al cambio climático del Pleistoceno. Esta tesis presenta tanto artículos con
trabajos de síntesis elaborados sobre diferentes temas y escalas espaciales, como
también evaluaciones sobre estudios de casos específicos en áreas de América del Sur.
Los registros de polen fósil tienen un fuerte carácter temporal, principalmente
destinados a reconstruir los cambios de vegetación a través del tiempo. Cuando se
comparan registros de polen de diferentes lugares, surgen nuevas preguntas que
pueden tener un mayor dimensión espacial. Por lo tanto, esta tesis está estructurada
siguiendo las categorías generales de preguntas que surgen al realizar un análisis
espacial en cualquier conjunto de datos, a saber, Localización, Condición, Tendencias y
Análisis de Patrones. Un "Análisis de Localización" se centra en describir "lo que existe
donde", en este caso proporcionando una amplia visión de la investigación en
Latinoamérica sobre registros de polen fósil y muestras modernas de lluvias de polen
(CAPÍTULO 2). Un "Análisis de la Condición" se centra en lugares en los que se
cumplen ciertas condiciones, en este caso registros de polen fósiles que cumplen un
cierto umbral de requerimientos de calidad temporal para sus modelos de edad
(CAPÍTULO 3). Un análisis espacial que combina la información sobre la ubicación y
la condición para estudiar los cambios en el tiempo entre los sitios se aborda en un
“Análisis de Tendencias”. En esta tesis, se comparan los registros de polen fósiles
dentro de una determinada región y se evalúa el grado de sincronicidad de las
respuestas de las asociaciones entre el polen y los cambios climáticos (CAPÍTULO 4 y
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CAPÍTULO 5). El análisis espacial se basa plenamente en la integración de diferentes
conjuntos de datos para determinar los patrones espaciales y las relaciones que
podrían existir. Este "Análisis de Patrones" se utiliza en el CAPÍTULO 6 para
comprender la interacción entre las distribuciones cambiantes de los biomas debido a
los cambios climáticos y la topografía de las montañas a escala local (pequeña región
alrededor de un lago), mientras que el CAPÍTULO 9 realiza este análisis a escala de los
Andes Septentrionales. Estos capítulos (6 y 9) están respaldados por un marco
conceptual que desarrollo en el CAPÍTULO 7, donde postulo que la definición del
grado de conectividad histórica de los ecosistemas es clave para entender los patrones
contemporáneos de la biodiversidad. En el CAPÍTULO 8, el análisis de patrones
espaciales se realiza a escala global para determinar el vínculo entre la biodiversidad
de las montañas y la geología.
A continuación, presento el resumen de cada capítulo con más detalle.

ANÁLISIS DE LA LOCALIZACIÓN: La Base de Datos de Polen de Latino América
(LAPD) está constituida por registros de polen ubicados en América Central y del Sur,
el Caribe y México. El último documento de síntesis sobre la investigación
paleoecológica en América Latina se publicó en 2009 (Marchant et al., 2009), pero
desde 2003 no había habido una revisión rigurosa de la literatura. En esta tesis, los
resultados de una actualización de la visión general de la LAPD hasta el año 2014 se
presentan en el CAPÍTULO 2. Especialmente en la última década, se ha producido un
aumento sustancial en el número de publicaciones (aproximadamente 50-60/año), las
cuales llegan a ser cada vez más multi-proxy, mejor fechadas cronológicamente y
abordando una gama más amplia de temas. El inventario incluye actualmente 1379
núcleos estratigráficos y secciones con datos paleoecológicos y más de 4800 muestras
modernas de lluvias de polen de toda la región. Los conjuntos de datos de polen han
demostrado una mejor resolución taxonómica y temporal. Actualmente, estos
conjuntos de datos provienen de 12 biomas modernos y 30 países, cubriendo un
rango altitudinal de 0 a 6300 m sobre el nivel del mar. Algunas regiones son más
densamente muestreadas en comparación con otras, al igual que algunos biomas han
sido estudiados de manera más intensa.

ANÁLISIS DE LA CONDICIÓN: La estructura cronológica de los registros de polen fósil
se evalúa con mayor detalle mediante la creación de una base de datos geocronológica
y la evaluación de la incertidumbre temporal de los modelos de edad (CAPÍTULO 3).
Más de 5100 puntos de control se han utilizado para determinar la fecha de registros
de polen en toda América Latina, en su mayoría por medio de Datación por 14C,
Tephra Cronology (Cronología Piroclasto o Tefra), Fission Track Dating (Datación por
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Huellas de Fisión), Datación por Luminiscencia Ópticamente Estimulada (OSL) y
Datación por 210Pb. Como era de esperarse, la mayoría (68%) de las fechas
geocronológicas del LAPD se encuentran dentro de los últimos 10.000 años calibrados
antes del presente. Un 8% de los resultados de datación cubre la gama más antigua de
datación por 14C, y más allá. El CAPÍTULO 3 presenta una visión adicional general de
los informes geocronológicos y la modelización por edad muestra que un número cada
vez mayor de sitios utilizan enfoques estadísticos para sus cronologías. Sin embargo
muchos sitios todavía carecen de modelos de edad y/o puntos de control recalibrados.
Se pierde información adicional ya que los investigadores carecen de entendimiento al
tratar con el 14C post-bombas o con curvas de calibración diferentes. Se espera que los
paquetes de código abierto para modelado de edad mejoren la calidad general de las
cronologías de los sitios en el futuro. La resolución temporal de records en el Noroeste
de Sur América (n=233: Venezuela, Colombia, Ecuador, Perú, Bolivia) es c. 235 años
con modelos de edad que presentan una incertidumbre temporal relativamente baja
(clasificación en estrellas: 3 de 4). En comparación con la Base de Datos del Polen
Europeo (resolución entre 50 y 250 años; Giesecke et al., 2014) y la Base de Datos del
Polen de América del Norte (500 años; Blois et al 2011). Este resultado de un
promedio de resolución temporal de c. 235 yr es sorprendentemente alto y abre las
puertas para preguntas más detalladas sobre la investigación de la variabilidad
climática a escala de milenio.

ANÁLISIS DE LAS TENDENCIAS: En el CAPÍTULO 4, la dinámica vegetación-clima y el
impacto humano fueron evaluados con mayor detalle para América del Sur por los
últimos 2000 años. Utilizando un conjunto de 60 registros de polen que cumplieron
ciertos criterios de cronología y resolución, se demuestra que los últimos 2000 años
presentan patrones espaciales y de respuestas temporalmente diversas sobre un
equilibrio de temperatura y humedad. Los sitios de tierras bajas generalmente
muestran patrones similares de cambio climático durante los últimos 2 kyr y eventos
aparentemente sincrónicos se observan en una escala espacial más grande. Las
regiones costeras hacia el Este de Suramérica son evidentemente impulsados por la
humedad tal como el interior amazónico. Los records de polen en la Región Andina
están mucho más influenciados por la variabilidad geográfica local y muestran
respuestas impulsadas tanto por la temperatura como por la precipitación, sin
embargo no son uniformes en el tiempo ni en el grado de respuesta y no
necesariamente son uniformes en la dirección de la respuesta. Hasta ahora, muchos
estudios abordan solemnemente la Zona de Convergencia Inter-Tropical como una
fuerza impulsora de las condiciones ambientales cambiantes que influyen en la
vegetación. Sin embargo, los modos climáticos tanto del Atlántico como del Pacífico
tienen una influencia significativa sobre el continente. El descifrar los diferentes
modos climáticos sigue siendo un reto difícil, pero los registros de alta resolución
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recientes están ahora reportando cada vez más señales de diferentes modos
climáticos.

Los registros de polen fósiles se localizan a menudo en un límite entre dos biomas
(ecotone) donde las distribuciones de biomas cambiantes debido al cambio climático
muestran una señal sensible en el diagrama de polen. En el CAPÍTULO 5, los registros
de polen fósil en el Este de Colombia se utilizan para reconstruir la migración del
ecotone bosque-sabana desde el último máximo glacial. El objetivo específico de este
capítulo es presentar un estudio de caso en el que el Sistema de Información
Geográfica (SIG) y los datos de estudios de sitios palinológicos se combinan para ver si
las tendencias temporales se detectan correctamente en un entorno espacial. Por
regresión logística, se construyó un modelo predictivo para obtener información
sobre las condiciones climáticas que definen este ecotono. Los registros de polen fósil
se interpolan para diferentes intervalos de tiempo para reconstruir el cambio
latitudinal de la transición entre sabana y bosque. El mapeo de un conjunto de datos
de polen viene con varias restricciones temporales y espaciales. En primer lugar, las
ubicaciones de los registros de polen pueden ser restrictivas para una reconstrucción
espacial adecuada de una región y especialmente cuando se pretende mapear una
determinada dirección espacial de cambio. En segundo lugar, la superposición
temporal de los registros de polen generalmente facilita la asignación de marcos
temporales recientes (por ejemplo, los últimos 3000 años), pero los intervalos de
tiempo más antiguos son restringidos por la falta de puntos de datos para la
interpolación adecuada. Por último, la traducción de los porcentajes de polen forestalsabana a un mapa espacial se basa en un conjunto de suposiciones sobre el grado de
afluencia de polen. Esto ha sido identificado como un desafío en los entornos
forestales-sabanas, lo que ejemplifica la importancia de los estudios sobre las
relaciones modernas entre polen y la vegetación.

ANÁLISIS DE PATRONES: En el CAPÍTULO 6 se adoptó un nuevo enfoque en
términos de analizar un conjunto de datos temporales en un entorno espacial como el
SIG. Este capítulo es el primero de varios capítulos más que integran patrones de
distribución de biomas y especies, dinámica de cambio climático y umbrales de
paisaje para la conectividad en áreas montañosas. Aquí la línea superior del bosque se
reconstruye a partir del registro de polen La Cocha-1, ubicado en el Sur de los Andes
Colombianos. En primer lugar, las superficies de los cuatro principales biomas de la
región se reconstruyeron durante cuatro periodos de tiempo. Luego se analizó la
topografía en términos de variabilidad de superficie y relieve, y su impacto en el grado
de conectividad del bioma páramo en la región. El grado de conectividad del páramo a
lo largo del gradiente elevacional se calcula para dar una idea de la influencia de la
topografía en el flujo genético potencial entre parches de páramo. Como resultado, los
umbrales de elevación en el paisaje pueden ser identificados como que juegan un
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papel durante los cambios climáticos en la facilitación o inhibición de la dispersión de
especies y el flujo de genes. Se calcularon diferentes tasas de cambio, tales como la
tasa de cambio de elevación de la línea superior del bosque y también la tasa de
cambio ecológico basada en el volumen de rotación palinológica y el coeficiente de
disimilaridad entre los espectros de polen temporalmente adyacentes. Curiosamente,
estas últimas se muestran altamente influenciadas por la longitud de los pasos de
tiempo entre las muestras de polen, y por lo tanto se debe tener cuidado en esta proxy
a menudo utilizado como un indicador para el cambio palinológico. Desde el último
máximo glaciar (LGM), los biomas forestales han aumentado mientras que el páramo
está siendo empujado a un rango altitudinal más estrecho debido a la migración
ascendente de la línea superior del bosque. Estos desplazamientos de la línea superior
forestal pueden ser rápidos (20 m/años verticales y más), causando la extirpación
local del bioma ecotónico (subpáramo) entre páramo y bosque e importantes
pérdidas en la conectividad de páramo. Aunque el bioma páramo actual sólo refleja el
4% de su distribución de LGM, su nivel de diversidad parece intacto. Durante los
tiempos del Pleistoceno los grupos de genes de estas especies deben haber pasado
tales cuellos de botella múltiples veces. Las evaluaciones relativas a la conectividad
informan directamente nuestra comprensión de la dinámica del bioma montañoso a
través del tiempo y el espacio.

La conectividad calculada en el CAPÍTULO 6 para un área de estudio de caso en
Colombia estimuló el desarrollo de un capítulo marco conceptual en torno a la
importancia de la conectividad histórica para la biodiversidad contemporánea de las
montañas, aquí elaborado en el CAPÍTULO 7. La influencia de la topografía de
montaña y los cambios climáticos en la distribución de asociaciones de plantas se
discute en el marco de tiempo del cambio climático del Pleistoceno. Durante este
período se han detectado procesos evolutivos muy rápidos para especies en varias
zonas montañosas de todo el mundo, incluyendo los Andes Septentrionales. Al
comprender el carácter "parpadeante" del clima del Pleistoceno, se puede entender lo
dramático que ha sido la reorganización de las distribuciones de especies en entornos
montañosos. En este capítulo se muestra que no sólo los períodos de distribución
fragmentada han sido importantes para la riqueza de especies contemporáneas y
procesos evolutivos rápidos, sino que más importante aún son las fases de mayor
conectividad. La importancia de considerar la conectividad histórica es ejemplificada
por una reconstrucción paleogeográfica del bioma páramo en los Andes
Septentrionales en doce posiciones diferentes de la línea superior de bosque, apoyada
por una gama de estudios de casos de diferentes regiones alrededor del mundo.

En el CAPÍTULO 8, la biodiversidad se sitúa en una perspectiva más amplia en
términos de espacio y tiempo. Gran parte de la actual biodiversidad global se
encuentra en montañas de las que los Andes albergan una proporción
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excepcionalmente alta. La evaluación global presentada en este capítulo tiene como
objetivo explorar los vínculos y retroalimentación entre la biodiversidad de las
montañas y la geología, el clima y el suelo. Se obtiene una base de datos global sobre la
riqueza de especies de aves, mamíferos y anfibios. La geología de los sistemas
montañosos está representada por diferentes proxies sobre la exhumación, las tasas
de erosión a largo y corto plazo y la topografía. Este capítulo muestra que estas
variables geológicas son fuertes predictores de la biodiversidad de las montañas, lo
que confirma el papel clave de los procesos de desarrollo de las montañas en la
conformación de los patrones de la biodiversidad global. En los Andes, el predictor
más fuerte de la diversidad de vertebrados en términos de clima es la temperatura,
mientras que el relieve y la rugosidad del paisaje son características claves para
explicar la riqueza de las especies actuales. Además, la biodiversidad es más alta en
los relativamente jóvenes Andes Septentrionales en comparación con los más
antiguos Andes Centrales o Meridionales. Curiosamente, esta es también la región
donde se han producido radiaciones rápidas y recientes durante el Pleistoceno (Más
información sobre este tema se puede encontrar en el CAPÍTULO 7 y CAPÍTULO 8). A
partir de este capítulo se evidencia la clara interacción entre la construcción de
montañas y la diversidad, y que la forma en que interactúan depende de la región y
además ejemplifica la necesidad de comprender mejor los procesos históricos que
impulsaron esa interacción.

El marco conceptual presentado en el CAPÍTULO 7 sobre la importancia de la
conectividad histórica para explicar la biodiversidad contemporánea se desarrolla
más ampliamente en el CAPÍTULO 9. La conectividad histórica del bioma alpino
tropical en los Andes Septentrionales (páramo) se cuantifica durante el último millón
de años del Pleistoceno. Las paleo-reconstrucciones de distribuciones de páramo se
derivan reconstruyendo la línea superior del bosque con base en registros largos de
polen. Además, los cambios en la línea de nieve de los glaciares regionales también se
tienen en cuenta en las estimaciones de la superficie de la distribución de los páramos.
Para comprender plenamente la historia biogeográfica del páramo, las paleoreconstrucciones presentadas se integran con reconstrucciones geográficas basadas
en árboles filogenéticos. La evolución del Pleistoceno de la vegetación del páramo
tuvo lugar en un paisaje predominantemente propenso a la migración, gracias a los
cambios bioclimáticos descendentes causados por el enfriamiento climático que
dominó la mayor parte del Pleistoceno (c. 75%). Los interglaciales pleistocénicos
inhibieron el flujo génico - causando la especiación alopátrica - mientras que los
períodos glaciales aumentaron significativamente la diversificación evolutiva debido
al entremezclado y la hibridación. Una serie de páramos actuales de gran altitud son
regiones que se han aislado incluso durante algunas glaciaciones, debido a fuertes
barreras topográficas. Se ha identificado que otras regiones han persistido durante
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largos periodos de tiempo, manteniendo una relativamente alta disponibilidad de
superficie a lo largo del tiempo, mientras que también muestran la mayor
conectividad relativa en los Andes Septentrionales. Curiosamente, estas son también
las regiones que muestran una alta riqueza de especies en el tiempo presente. Las
regiones que sólo presentan una alta disponibilidad superficial para páramo a lo largo
del Pleistoceno, pero que no han sido bien conectadas, muestran una menor riqueza
de especies y un número relativamente elevado de especies endémicas. Este capítulo
no sólo apoya la hipótesis presentada en el CAPÍTULO 7, sino que también muestra la
importancia de integrar diferentes disciplinas para armar la historia biogeográfica de
la diversidad de las montañas.

11
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So… always make sure you choose your giants wisely!
Suzette G.A. Flantua
April 28th, 2017
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