
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Pleistocene centennial-scale vegetational, environmental and climatic change in
the Colombian Andes: based on biotic and abiotic proxy analyses from Lake
Fúquene sediments

Bogotá-Angel, R.G.

Publication date
2011

Link to publication

Citation for published version (APA):
Bogotá-Angel, R. G. (2011). Pleistocene centennial-scale vegetational, environmental and
climatic change in the Colombian Andes: based on biotic and abiotic proxy analyses from
Lake Fúquene sediments. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/pleistocene-centennialscale-vegetational-environmental-and-climatic-change-in-the-colombian-andes-based-on-biotic-and-abiotic-proxy-analyses-from-lake-fuquene-sediments(4a3b47f0-b579-4eff-abd1-191d97e9de47).html


127

Chapter 6

R. G. Bogotá-A.



128

Chapter 6

1. The Fúquene project

P aleoclimatic reconstructions from ma-
rine sediments and ice-core records are 
keystones to understand past climate 

change. In such favourable settings continuous 
accumulation of sediments and ice has allowed 
to produce long proxy records of past environ-
mental change. Time series of δ18O in marine 
sediments are a measure for changes in glo-
bal ice volume which reflect changes in global 
temperature. The derived oxygen isotope stra-
tigraphy forms an important source of infor-
mation on past climate change. On the basis 
of multiple (n = 57) oxygen isotope records 
Lisiecki and Raymo (2005) developed a global 
standard of temperature change for the last 5.3 
Ma. The δ18O records from ice cores may reach 
annual resolution for the last interglacial-gla-
cial cycles (i.e. NGRIP Community Members, 
2004; EPICA Community Members, 2006; Jo-
uzel et al., 2007) and provide records of past 
climate change with stunning precision. Long 
proxy records of continental environmental 
and climate change often lack independent age 
control and use these marine and ice core re-
cords to develop an age model by visual curve 
correlation. Comparisons of high-resolution 
records of past climate change from terrestrial 
and marine sediments, and from high latitude 
ice sheets and tropical mountain glaciers offer 
excellent opportunities to relate the various 
compartments of the Earth’ system and to bet-
ter understand mechanisms at work.

Tropical mountains offer another setting where 
long records of climate change with high tem-
poral resolution can be found. The present stu-
dy made use of our understanding of climate 
change dependant altitudinal migrations of the 
upper forest line (UFL). Considering the hig-
hest and lowest altitudinal position of the UFL 
at ~3400 m and ~2000 m respectively (e.g. Van 
der Hammen, 1974; Wille et al., 2001), it beca-
me apparent that Lake Fúquene at 2540 m ele-
vation lies halfway the range of its ~1500 m al-
titudinal interval. This setting makes the pollen 
archive of Lake Fúquene sediments remarkably 
sensitive to climate change. Previously studied 

pollen records from this lake showed that past 
changes of altitudinal vegetation distributions 
reflect variations in mean annual temperature 
(MAT). The reconstructed climate records re-
flect climate variability from orbital to sub-mi-
llennial time scales. The latter reflects stadial-
interstadial climate variability which mimic the 
Dansgaard-Oeschger (DO) cycles as establis-
hed in ice core and marine records.

The present thesis is part of a new generation 
terrestrial climate reconstruction. We aimed to 
increase temporal resolution with an order of 
magnitude, to improve the age model of the cli-
mate record substantially, to calibrate the po-
llen record quantitatively, and to link regional 
vegetation and climate change to changes in the 
abiotic conditions in the sedimentary basin it-
self. To facilitate these objectives we collected 
60 m deep cores from a floating platform in the 
deepest part of the lake, we produced the com-
posite sediment record Fúquene-9C (Fq-9C) 
to arrive at the highest sediment recovery, and 
we studied a suite of proxies, including pollen, 
grain size distributions (GSD), organic matter 
content, and geochemical elements.

2. Dating long continental records: a new 
view to solve an old problem

Long continental records of climate change 
have few possibilities to develop a robust age 
model for the sediments. Beyond the range of 
radiocarbon dating, records are often visually 
compared and matched with a record from el-
sewhere which is assumed to serve as a good 
comparison. However, curve matching depends 
on subjective prerequisites. We ‘borrowed’ me-
thodology developed in marine micropaleonto-
logy which is to our knowledge not used before 
to develop age models for long Quaternary te-
rrestrial records. We applied the following me-
thodology: (1) we performed a spectral analy-
sis in depth domain of selected taxa with a clear 
affinity to climatic parameters. We showed the 
main frequencies (power spectra) in sediment 
deposition; (2) we compared the observed fre-
quencies with potential driving mechanisms. 
On the basis of corresponding ratio’s between 
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orbital frequencies and observed frequencies in 
sediment accumulation obliquity was identified 
as the main driving mechanism. In our case we 
used the arboreal pollen percentage (AP%) re-
cord which reflects MAT and other time series 
related to temperature and precipitation. The 
most dominant peaks in the AP% power spec-
tra show the imprint of the ~100 kyr eccentrici-
ty cycle and the ~41 kyr obliquity cycle; (3) the 
driving 41 kyr cycle was  filtered from the AP% 
record and from the standard δ18Obenthic stack 
LR04 record (Lisiecki and Raymo, 2005) and 
time series were tuned. The only assumption 
we made is a linear sediment accumulation rate 
between tie points of both records. Therefore 
this method is to be preferred above subjecti-
ve curve matching. The age model showed that 
the Fq-9C record, analysed at 1 cm sample dis-
tance, reflects the period from 284 to 27 ka with 
a temporal resolution of ~60 yr. To calibrate the 
AP% record a comparison with the present-day 
setting was needed. Therefore, pollen record 
Fq-2 (Van Geel and Van der Hammen, 1973) 
was used to extend the Fq-9C record into the 
latest Holocene. This record was labeled ‘Fú-
quene Basin Composite” (Fq-BC).

Results were spectacular. The record of MAT 
(AP%) showed that the signals of eccentricity 
and particularly obliquity were dominant. Cli-
mate simulations showed that between extreme 
obliquity and precession configurations there 
are no significant differences in precipitation 
in the study area. Most plausibly this is caused 
by minor latitudinal displacements of the inter-
tropical convergence zone (ITCZ) during sum-
mer and winter. This finding is in contrast with 
the Bolivian altiplano and northeastern Brazil 
where precession is a main driver of climate 
change (Baker et al., 2001; Wang et al., 2004). 
It also contrasts with the adjacent Amazonian 
lowlands, where precipitation change is driven 
by precession. Simulations testing for our study 
area the influence of insolation variations at or-
bital time scales showed that obliquity forcing 
cannot fully explain the reconstructed climate 
variation at Lake Fúquene. By adding global 
ice volume and atmospheric CO2 concentra-
tion to the model simulation the observed po-

llen based temperature amplitudes were better 
reflected. Therefore, we concluded that chan-
ges in global ice volume and atmospheric CO2 
concentrations are important drivers of climate 
change in the northern Andes (Chapter 2).

After calibration of the AP% record to MAT the 
record showed a temperature difference up to 10 
±2 °C during the last three glacial terminations 
and during some stadial episodes. Comparison 
of the new temperature record with the tempe-
rature records from Greenland (Dansgaard et 
al., 1993; NGRIP Community Members, 2004) 
and Antarctica (EPICA Community Members, 
2006; Jouzel et al., 2007) showed that MAT os-
cillations at Lake Fúquene highly correspond 
with abrupt millennial events in the Northern 
Atlantic known as Dansgaard-Oeschger (DO) 
cycles (Dansgaard et al., 1993).

3. An integrated biotic and abiotic proxy 
perspective

So far reconstructions of past changes in the 
Fúquene Basin were obtained from pollen and 
diatom records (Velez et al., 2003). These re-
constructions showed a dynamic regional ve-
getation cover, changing lake levels based on 
aquatic vegetation, and changing qualities of 
the water body. Here we present for the first 
time an environmental reconstruction based on 
integrated biotic and abiotic proxies. We used 
information from pollen, organic matter con-
tent, GSD and geochemical elements. Relation-
ships between biotic and abiotic change in the 
basin appears strongly climate controlled and 
includes changing levels of precipitation, ero-
sion, and energetic transport. Precipitation and 
temperature controls water depth and lake size. 
During warm climatic conditions high evapo-
ration leads to lower water levels and expan-
sion of swamp vegetation. Expansion of forest 
prevents erosion and sediment transport enhan-
cing accumulation of fine-grained sediments in 
the lake. Contrary, during cold to cool climatic 
conditions lower evaporation results in higher 
lake levels and, because of the flat surface of 
the basin floor a significant expansion of the 
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lake surface. Open vegetation in the basin fa-
cilitates erosion and coarse grained sediments 
are prone to be transported to the lake. In ge-
neral, interglacial and interstadial periods are 
characterized by relatively low lake stands cau-
sed by higher levels of evaporation. Glacial and 
stadial periods are generally characterized by 
lower evaporation and higher lake levels. This 
general trend is supported by studies from the 
Bogotá Basin (Van ‘t Veer and Hooghiemstra, 
2000; Torres et al., 2005).

To explore relationships between the abiotic 
and biotic components of the basin down core 
changes in elemental composition of the se-
diments was analysed (Chapter 5) The semi-
quantitative X-ray fluorescence (XRF) method 
(Weltje and Tjallingii, 2008), commonly used 
in paleoceanography and loess analysis, was 
used to produce records of element abundance. 
We used principal component analysis (PCA) to 
identify clusters of elements and we were able 
to identify the various geological sources in the 
basin. A second PCA including all biotic and 
abiotic variables identified five distinct types 
of environments. These settings reflect speci-
fic conditions with respect to climate, regional 
and local vegetation, and particularly origin, 
transport, and composition of sediments. Du-
ring periods of warm interglacial or interstadial 
conditions clay and fine silty sediments origi-
nated from carbon-rich mudstones. Associated 
pyritic levels rich in Ca, Sr, Fe, Zn and Cl ac-
cumulated under anoxic conditions in a small 
swampy lake with sediments rich in organic 
matter. However, such accumulation could also 
be associated to cold and dry glacial or stadial 
climatic conditions. Proximal and distal quartz 
rich sandstones supplied coarse silt and sandy 
sediments rich in Zr, Si, and Al. Accumulation 
of these elements suggest fluvial transport oc-
curred at high energy levels (high precipitation) 
characterized by cold to cool humid glacial or 
stadial conditions when water tables could rea-
ch high levels and the lake was of intermedia-
te to large size. Some warm and dry periods 
showed high input of coarse sediments which 
we interpreted as reflecting occasional events 
with high precipitation. Such periods might re-

flect temporally increased water tables, possi-
bly associated with the unexplained variability 
in the coarse fraction of the sediments. Clays 
and fine silts were continuously deposited in 
the lake basin. These clays include pirophy-
llite, illite, and kaolinite which contain Si, Al 
and K originating from mudstones from all se-
dimentary series exposed on the slopes. Such 
fine-grained sediments indicate calm lacustrine 
conditions and a permanent water column indi-
cating the basin has never desiccated.

4. High resolution pollen analysis: a new 
appreciation of past environmental dy-
namics

To increase the efficiency of analysis the num-
ber of pollen and spore taxa analyzed was res-
tricted to 66 of which 51 are indicators of the 
regional vegetation. This selection of taxa still 
shows a hitherto unknown level of forest dyna-
mics. Compared to previous pollen records the 
temporal resolution is over an order of magni-
tude higher. Trends supported by multiple sam-
ples strongly suggest that the ratio of signal-to-
noise is high. This means that the variance in 
identification of these 66 taxa between pollen 
analysts was low.

Stable conditions in the basin lasted on the 
average for a period of ~2.3 kyr, with ~0.8 kyr 
as shortest and 8 kyr as the longest relatively 
stable interval. Short stable periods coincide 
with small lake conditions; stable periods up to 
3.5 kyr are mainly associated with intermedia-
te or large lake sizes. Relatively stable periods 
of longer duration show most variance in lake 
size. Regional vegetation changed in response 
to abrupt climate change leading to characteris-
tic fluctuations on sub-millennial time scales. 
The stadial-interstadial cycles from terrestrial 
records are comparable with the DO cycles 
identified in ice core records (Hessler et al., 
2010). During the last interglacial-glacial cycle 
the Earth’ climate experienced more than twen-
ty of such rapid climate oscillations. Power 
spectra in age for local and regional vegetation 
in Fq-9C for the period 284 -133 ka showed 
the presence of ~1.5 kyr cycles that correspond 
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with DO cycles (Rahmstorf, 2003). During 
cool stadial conditions the Fúquene Basin was 
covered with subpáramo and grasspáramo ve-
getation. During mild interstadial conditions 
forest migrated rapidly to higher elevations and 
covered the basin. Pollen grains of Alnus are 
consequently the first indicator of forest expan-
sion. Paleotemperature reconstructions showed 
that within periods of 100 to 300 years MAT 
values increased up to 6 °C, while glacial-inter-
glacial transitions show increase of MAT up to 
~10°C. Highest MAT of ~2°C above present-
day values prevailed during MIS 7.5 and MIS 
7.3. Lowest MAT of ~8°C below present-day 
values prevailed during stadial conditions close 
to the glacial terminations. Similar millennium 
scale climate oscillations occurred globally be-
fore 130 ka (e.g. Martrat et al., 2004, 2007). 
In absence of a generally accepted numbering 
system we identified these temperature oscilla-
tions as DO-style cycles.

5. Never core twice in a basin? How repre-
sentative is a pollen-based reconstruction 
of environmental and climatic change?

Lake Fúquene has been palynologically explo-
red at different locations. First pollen records 
(Fq-2, Fq-3- and Fq-7C) were based on cores 
drilled at the border of the lake. Hiatuses in the 
pollen record, such as the absence of the Youn-
ger Dryas episode in Fq-7C, shows that these 
cores included several gaps in the sediment re-
cord. In general sediments at the border of lakes 
are exposed during episodes of low water levels 
causing incomplete records. Here we studied se-
diments at the deepest part of the lake collected 
from a floating platform. The sediment recovery 
is >90% and a reflection millennial scale clima-
te variability that mimics the climate sequence 
from ice cores strongly suggests uninterrupted 
sedimentation over long periods of time. Howe-
ver, the sediment record stopped at 27 ka stron-
gly suggesting that at an undefined moment af-
ter 27 ka the stream line of the relatively slow 
water current changed and stopped sediment 
accumulation at the coring site. Possibly the 
sediment surface was even set back in time by 
erosion. At the border of the lake sites Fq-2 and 

Fq-7C continue to accumulate sediments up to 
recent times evidencing Lake Fúquene had not 
desiccated. Sarmiento et al. (2008) and Vriend 
et al. (in review) gave support to this interpre-
tation on the basis of evidence from lithology, 
sedimentology, and aquatic vegetation.

Three earlier published pollen records of the Fú-
quene Basin were re-visited and new age models 
were elaborated on the basis of the newly intro-
duced methodology explained in Chapter 2. The 
pollen records were compared with the aim to 
arrive at an integrated reconstruction of vegeta-
tion dynamics (Chapter 4). Spectral analyses in 
the depth domain showed all sediment records 
had cycles of ~9 m and ~12 m in common which 
are associated to obliquity forcing (Chapter 2). 
The new age model shows that core Fq-2 re-
flects the last 44 ka, which is older as estimated 
in the original publication. Core Fq-7C reflects 
the last 85.5 ka which is three thousand years 
younger as originally published. The re-visit of 
core Fq-3 (Van der Hammen and Hooghiems-
tra, 2003) showed that the age model changed 
significantly. Sedimentary cycles showed that 
the core up to 32 m reflects the last 133 ka. The 
remaining part of the 43 m long core reflects an 
unidentified interglacial period of unknown age. 
This change in interpretation of the Fq-3 record 
explains the difference between the expected 
age of ~60 m core depth at the time the Fúquene 
Project was developed (~150 ka reflecting MIS 
6) and the identified age (284 ka reflecting MIS 
8). Although the Fúquene Project originally ai-
med to focus on the last interglacial-glacial cy-
cle it appeared we analyzed two of such cycles.

Pollen records from the periphery of the lake, 
particularly Fq-3 differed from the centrally 
located pollen record by showing periodic ex-
pansion of local Alnus dominated swamp fo-
rest, and Weinmannia dominated forest on the 
nearby slopes. Record Fq-9C shows a pollen 
signal integrating the different vegetation ty-
pes of the region. However, all pollen records 
are in support of a common regional vegetation 
development and each core is representative of 
vegetational and climatic change in the study 
area. Unidentified gaps in the sediment record 
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seem the most important cause of incorrect age 
models and erroneous climatostratigraphies as 
a consequence. In conclusion, we found no rea-
son not to rely on a single core in a basin; we 
neither found arguments not to re-core a basin 
when improved methodology will be used.

6. General conclusions and outlook

The Fúquene Project aimed to show that terres-
trial sediments are able to provide records of 
paleoenvironmental and climate change at cen-
tennial time scales. Such records form a new 
challenge to make links between the climate 
records from terrestrial, marine, and ice sheets. 
This project was organized at the cutting edge 
of terrestrial paleoecology and experienced suc-
cess as well as disappointments. We showed that 
drilling at the deepest part of an Andean lake is 
possible to obtain a long core, even when the 
sophisticated drilling equipment of internatio-
nal consortia is not available. Providing long 
continental records with a robust chronology is 
notoriously difficult. We succeeded however to 
overcome the traditional bottle neck with new 
methodology to develop independent age con-
trol. The traditional method of curve matching 
is insufficiently reliable. This project also shows 
that producing a high resolution pollen record 
is feasible when the time consumed by pollen 
analysis is reduced by focusing on a limited 
number of informative pollen taxa only. A poster 
showing the selection of pollen taxa in combina-
tion with training allows a team of palynologists 
to produce a data set with minimal noise. We im-
proved the chart showing ecological ranges of 
the selected pollen taxa by using the most recent 
vegetation studies (Chapter 3). However, we also 
realized that present-day vegetation associations 
not necessarily repeat in the past. In particular 
the effect on altitudinal vegetation distributions 
of low atmospheric CO2 levels during glacial 
times is insufficiently understood. The com-
bination of biotic and abiotic proxies is one of 
the main improvements in the Fúquene Project. 
Analysis of grain size spectra and geochemical 
elements in combination with information from 
pollen has pushed the level of understanding of 
integrated basin dynamics enormously, in par-

ticular in combination with the unprecedented 
temporal resolution of the record of ~60 years. 
The results show that different components of 
the Fúquene Basin have responded in concert to 
climate change. Similarly, variation in chemical 
composition of sediments could be related to the 
origins, i.e. the rock formations in the drainage 
area, and to the processes of erosion, transport, 
alteration, and deposition. We conclude that local 
changes in the basin show a strong relationship 
with climatic conditions in the northern Andes. 
Although a number of factors have influenced 
the altitudinal position of the UFL, we showed 
that MAT is most important in our study area 
and that changes in global ice volume and at-
mospheric CO2 are also important factors in dri-
ving UFL shifts. This observation improves our 
understanding of the potential effect of anthro-
pogenically raising CO2 concentrations on the 
distribution of mountain vegetation. The suite of 
stadial-interstadial climate cycles in the northern 
Andes reflect with high precision the DO cycles 
in Greenland and Antarctic ice cores and in ma-
rine cores. It is a challenge to further explore the 
data sets on patterns of vegetation change at DO 
time scales as it will substantially increase our 
understanding of forest dynamics needed to an-
ticipate on future Global Change.

Notwithstanding the large amount of results ob-
tained in the Fúquene Project several challen-
ging research questions are ahead. Existing data 
sets allow to further explore the nature of change 
(which taxa respond first and which taxa later?), 
rates of change (how fast are tropical ecosystems 
able to change under natural conditions?), phase 
relationships between the various compartments 
of the basin, and thresholds in the sensitivity 
of the montane ecosystems. Central in these 
questions is sufficient chronological control of 
the sediments. Multivariate analysis allowed to 
identify and to explain part of the variation in 
the data. Additional quantitative analysis will be 
helpful to better understand the impact of clima-
te change on tropical ecosystems.
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