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Abstract

T his paper compares the pollen records of four 
sediment cores collected at marginal and 
central sites in Lake Fúquene, at 2540 m ele-

vation in the Eastern Cordillera of Colombia. The 
pollen records appear sensitive for climate change 
rendering that the upper forest line (UFL) shifted by 
~1500 m in altititude from the last glacial maximum 
to the Holocene. In this paper, we provide a uniform 
chronology for the four sites, using the orbital-tu-
ned Fúquene Basin Composite record (Fq-BC) as 
the backbone (Groot et al., 2011). A common ~9 
m cycle in the arboreal pollen percentage (AP%) 
records reflects obliquity forcing and drives vegeta-
tional and climatic change. The AP% records were 
tuned to the standard benthic δ18O LR04 record. 
Changes in sediment supply to the lake are reflected 
by records in concert making frequency analysis in 
the depth domain an adequate method to compare 
records from the same basin. We calibrated the ori-
ginal 14C ages and used biostratigraphic correlation 
for records shorter than 1 cycle of the driving me-
chanism. Pollen records from the periphery of the 
lake showed changes in the abundance of Alnus and 
Weinmannia forests more clearly while centrally lo-
cated record Fq-9C shows a more integrated signal 
of regional vegetation change.

The revised age models show that core Fq-2 reflects 
the last 44 ka, composite core Fq-7C the last 85.5 ka 
and core Fq-3 up to 32 m core depth the last 133 ka. 
All pollen records are in support of a common regio-
nal vegetation development leading to a robust re-
construction of long series of submillennial climate 
oscillations. Marginally located record (Fq-3) shows 
more hiatuses in the climate record than centrally lo-
cated cores. Record Fq-BC reflects the period from 
284,000 to ~1000 years before present with a tem-
poral resolution of ~60 yr during most of the record. 
With varying robustness Dansgaard-Oeschger (DO) 
cycles of climate change are recognised in these low 
latitude pollen records. Climate variability of pollen 
based Fq-BC record compares well with NGRIP 
(δ18O based), Epica Dome C (δD based) and the Me-
diterranean sea surface temperature record MD01-
2443/44 (UK`37 based) underpinning the global sig-
nificance of the climate record from Lake Fúquene. 
Changes in floristic composition of montane forest 
offer a tool for biostratigraphic intercore correlation.

Key words: Fúquene Basin, pollen records, core 
correlation, frequency analysis, late Pleistocene, 
Dansgaard-Oeschger cycles, rapid climate change, 
lake level change.
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1. Introduction

I n many lakes and mires environmental re-
constructions are based on one core, due to 
the time consuming character of pollen analy-

sis (Dumayne-Peaty and Barber, 1998). It is thereby 
often assumed that sedimentation patterns across a 
lake are close to homogeneous (Moore and Webb, 
1978; Fritz et al., 2006). This assumption may be 
valid for relatively small lakes which lack signifi-
cant inflow and outflow, but such conditions are of-
ten not met. Differences in sediment accumulation 
regimes may occur between pollen records (Turner 
et al., 1989; Whittington et al., 1991) Such varia-
tions may result from lake level fluctuations, cau-
sing specific species distribution patterns of pollen 
grains (Jacobson and Bradshaw, 1981; Chen, 1987; 
Dumayne-Peaty and Barber, 1998; Kangur, 2009). 
Palaeolimnological studies from large basins have 
shown that variation between cores increases due to 
marked morphometric characters of the basin, va-
riations in watershed geology and vegetation, and 
physical processes mixing and distributing chemi-
cal constituents differently (Fritz et al., 2006). Good 
examples are the 68800 km2 large Lake Victoria 
where variation in diatom and geochemical proxies 
among three cores covering the past 17.5 ka were 
explained by influence of direction and strength of 
wind and variation in the lake size (Talbot and Laer-
dal, 2000). In the 8500 km2 large Lake Titicaca va-
riability between three palaeolimnological records 
covering the last 13 ka was explained by climate 
change driven varying influence of the fluvial sys-
tem. Fritz et al. (2006) also suggest that major and 
minor intercore variability is explained by varying 
accuracy of the chronological control and varying 
sampling resolution between cores. High similarity 
between multiple cores from the same basin is also 
reported. From Lake Titicaca (Cross et al., 2000; 
Tapia et al., 2003) and the 26900 km2 large Lake 
Malawi (Johnson et al., 2002) limnological proxies 
from piston cores show high correspondence for the 
last 30 and 25 ka, respectively. Examples of a high 
degree of similarity between three pollen based re-
cords of regional climate change come from 0.55 
km2 Lago Grande de Monticchio, reflecting the pe-
riod 15.7-11.3 ka (Huntley et al. 1999; Watts et al., 
2000), and 31500 km2 large Lake Baikal during the 
last 15.5 ka (Demske et al., 2005).

Here, we elaborate on previous palynological inves-
tigations from Lake Fúquene, a land slide-dammed 
lake at 2540 m elevation in the northern Andes (Sar-

miento et al., 2008). Pollen records from this region 
are well known for their rich information about 
regional vegetation change (Van der Hammen and 
González, 1960; Van der Hammen, 1974; Van ‘t Veer 
and Hooghiemstra, 2000). In particular, past propor-
tions of cool montane forest and páramo vegetation 
in combination with more specific information on 
the plant associations and records of individual plant 
taxa with distinct ecological ranges allow estimating 
the elevation of the upper forest line (UFL). Lake 
Fúquene is centrally located in the altitudinally 900 
m wide belt of cool Andean forest that stretches 
from ~2300 m to ~3200 m elevation. During Pleis-
tocene times Lake Fúquene lies halfway the altitu-
dinal interval of ~1500 m over which the UFL has 
migrated between full glacial stages and interglacial 
episodes (e.g. Van ‘t Veer and Hooghiemstra, 2000). 
The UFL was at ~2000 m during the LGM (Van der 
Hammen, 1974; Hooghiemstra and Van der Ham-
men, 1993) and at ~3500 m during the Eemian ther-
mal maximum (Hooghiemstra, 1984). Temperature 
changes are considered to be the most important 
driver of forest dynamics on short (< millennial) 
and long (Milankovitch) time scales (e.g. Van der 
Hammen and González, 1960; Hooghiemstra, 1984; 
Marchant et al., 2001; Van ‘t Veer and Hooghiems-
tra, 2000; Groot et al., 2011). In addition, climate 
modelling experiments showed that the mean an-
nual temperature changes in the high northern An-
des are primarily driven by global ice volume and 
atmospheric CO2 changes, although the modelled 
temperature changes still significantly underestima-
te the reconstructed variations, probably due to the 
coarse resolution of the applied model, i.e., thereby 
excluding local feedback mechanisms and changes 
in lapse rates (Groot et al., 2011).

The upper 60 m of sediments in the deepest part of 
the present-day Lake Fúquene have a sediment ac-
cumulation rate of ~1 cm per 60 years, allowing the 
analysis of high temporal resolution proxy records 
(Groot et al., 2011). Cores from the border of the 
lake are generally thought to contain hiatuses du-
ring periods of low lake level stands (Sarmiento et 
al., 2008). The main objectives of the present paper 
are (1) to assess the temporal and spatial differences 
and similarities between pollen records of several 
cores derived from central to marginal locations of 
the lake, (2) to test the robustness of the vegetation 
response to climate change within the basin and (3) 
to develop a basin wide biostratigraphic framework. 
Finally, we will discuss the pollen-based climate re-
constructions at Lake Fúquene by comparison with 
selected marine and ice core records.
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2. Materials and Methods

2.1 Study area and pollen records

Lake Fúquene (5° 27’ N, 73° 46’) is located at 2540 
m altitude in the Eastern Cordillera of Colombia 
(Fig. 1). Surrounding mountains reach up to 3700 
m altitude and consist of Cretaceous and Tertiary 
rock (CAR, 2000; Montenegro-Paredes, 2004, Sar-
miento et al., 2008). The surface of the Fúquene 
Basin covers 1750 km2 and extends between 5°35’ 
N and 5°19’ N, and between 73°54’ W 73°35’ W 
(IGAC, 2003). The main inlet of the lake is the 
Ubaté River and water leaves the lake by the Suá-
rez River (Fig. 1). The current surface of the lake 
is ~25 km2 and water depth varies from 2 to 6 m. 
Lacustrine sediments can be found in the basin up 
to 20 m above the present-day lake level indicating 
that during late Pleistocene time the lake was not 
deeper than ~25 m for a significant period of time. 
Owing to the flat basin floor, small changes in lake 
level result in large changes of the lake surface.

Fig. 1. (a) Map of the study area showing the contour of the drainage basin and Lake Fúquene at minimal (today) and 
maximum (Pleistocene) extension; (b) Location of the coring sites in Lake Fúquene discussed in the text; (c) Cross 
section of the Eastern Cordillera showing schematically the altitudinal vegetation distribution and the elevation of the 
lake (Modified after Van der Hammen, 1974).

Due to its almost equatorial position, the precipita-
tion regime at Lake Fúquene strongly depends on 
the annual migration of the Intertropical Conver-
gence Zone (ITCZ). Dry seasons occur from De-
cember to January and from July to August, and 
alternate with two rainy seasons from February 
to June and from September to November. A rain 
shadow effect in the basin causes a variation in 
mean annual precipitation ranging from 770 mm 
in the south to 1300 mm in the north (Donato-R et 
al., 1987). Monthly mean temperatures vary from 
13 to 14 °C with the coldest month occurring du-
ring the dry season. In contrast to the small annual 
temperature range, the daily temperature range is 
large and during the dry season night frost may 
occur at the elevation of the lake (IGAC, 2003).

The altitudinal vegetation distribution in the Eas-
tern Cordillera of Colombia has been studied by a.o. 
Cuatrecasas (1958), Van der Hammen and Gonzá-
lez (1960), Van der Hammen (1974), Cleef and Ho-
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oghiemstra (1984), Van ‘t Veer and Hooghiemstra 
(2000), Wille et al. (2001), Hooghiemstra and Van 
der Hammen (2004) and Van der Hammen (2008). 
Many taxa share similar altitudinal and ecological 
ranges. Although pollen records show temporal 
changes in abundance of main plant taxa and sug-
gest plant communities of Andean forest and pára-
mo vegetation are subject to change main altitudi-
nally organized vegetation zones can be recognised 
throughout the records. The present-day UFL is at 
~3200 m and coincides with a MAT of 9.5°C. The 
transition from cool Andean forest to warmer su-
bandean forest, presently at ~2300 m, reflects the 
lowest occurrence of night frost. Today, subpára-
mo mostly extends altitudinally over ~300 m (from 
~3200-3500 m elevation), while the grass páramo 
extends over ~700 m (at present-day from ~3500-
4200 m). Superpáramo extends from ~4200-4800 
m up to the glaciers. The altitudinal width of the 
subpáramo and grasspáramo is subject to change, 
most possibly depending on changes in climatic 
moisture and/or changes in the abundance of dwarf 
forest around the UFL (Hooghiemstra and Van der 
Hammen, 2004; Van der Hammen, 2008).

2.2 Sediment cores

Cores Fúquene-1 (Fq-1), Fúquene-2 (Fq-2) and 
Fuquene-7 (Fq-7) were collected near the border 
of the lake with a hand operated Dachnowsky co-
rer in 25 cm long cores of 25 mm diameter. Cores 
Fúquene-3 (Fq-3) and Fúquene-4 (Fq-4) were co-
llected on stable ground near the lake with moto-
rized drilling equipment in 50 cm long cores of 5 
cm diameter (Table 1). Cores Fq-4 and Fq-7 form 
the composite record Fúquene-7C (Fq-7C). The 
60 m long cores Fúquene-9 (Fq-9) and Fúquene-
10 (Fq-10) were collected at ~10 m distance from 
a floating platform. Core barrels of 100 cm length 
and 6 cm diameter were drilled with 50 cm over-
lap between cores. Cores Fq-9 and Fq-10 form the 
composite record Fúquene-9C (Fq-9C). As record 
Fq-9C does not include the last 27 ka (Groot et al., 
2011) we used the data from core Fq-2 to continue 
record Fq-9C up to late Holocene time: this Fú-
quene Basin Composite (Fq-BC) record is central 
in the present paper.

2.3 Palynological investigations

Pollen preparation in all studies followed standard 
acetolysis (Faegri and Iversen, 1989). In the case 
of Fq-7C and Fq-9C tablets with Lycopodium spo-
res were added to calculate pollen concentration 

values. The sampling distance along cores varies 
(Table 1). The pollen sum of Fq-1, Fq-2, Fq-3 and 
Fq-7C include pollen from all recognized elements 
of the regional vegetation (Table 2). The pollen sum 
of Fq-1, Fq-2, Fq-3 and Fq-7C included 22 to 28 
regional taxa, including Alnus. In Fq-1, Fq-2, Fq-3 
and Fq-7C changes in the local aquatic vegetation 
were reconstructed on the basis of 8 to 11 different 
taxa (Table 2). Aquatic taxa were ploted on the ba-
sis of the regional pollen sum, which is a standard 
procedure. On average 320 pollen grains of the taxa 
included in the pollen sum were counted in Fq-1 
and Fq-2, 250 to 300 grains were counted in Fq-3, 
and 300 grains in core Fq-7C. Pollen analysis of 
Fq-9C included 66 carefully selected pollen and 
spore taxa with highest indicator value of envi-
ronmental conditions (Table 2). We obtained 4586 
pollen spectra for Fq-9C between 1.7 and 58.4 m 
composite core depth. We used a pollen sum of 350 
grains of regional taxa, Alnus not included. Counts 
of Alnus were afterwards included in the regional 
pollen sum making the statistic reliability of record 
Fq-9C significantly higher.

We normalised the pollen sum of all records on 
the basis of record Fq-9C. This includes that some 
regional pollen taxa were now added or excluded 
compared to the originally published pollen records 
(Table 2). For the earlier published records we crea-
ted a pollen sum based on the local aquatic vege-
tation in harmony with core Fq-9C. We decided to 
reject the data set of core Fq-1 as the original pollen 
counts were not available, the record has no radio-
carbon time control, and visual inspection strongly 
suggests that this record is similar to Fq-2.

Alnus occurs as swamp forest around the lake; in 
this setting Alnus reflects azonal vegetation and 
should not be included in the pollen sum. In the 
surrounding slopes Alnus also occurs as gallery fo-
rest on wet soils along small rivers. In this setting 
Alnus contributes to the zonal forest and should be 
included in the pollen sum of regional vegetation. 
We present our data on the basis of Alnus included 
in the regional pollen sum while pollen and spores 
from the submerged aquatics and the vegetation on 
wet shores form the local pollen sum. Alnus does 
not occur above the UFL (Van der Hammen and 
González, 1960; Hooghiemstra, 1984). Alnus is a 
proliferous pollen producer and pollen grains are 
well transported by wind (Grabandt, 1980). Ho-
oghiemstra (1984) showed that percentages up to 
20% reflect a general backgrond effect; proportions 
above 20% allow the conclusion that Alnus forest 
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Table 2. List of taxa included in the pollen sum of records Fq-2, Fq-3, Fq-7C and Fq-9C following the original publi-
cations. Taxa indicative of the regional vegetation belts are sorted into four altitudinal groups; a fifth group includes 
taxa indicative of dry climatic conditions. Main characteristics of altitudinal groups are indicated. Aquatic taxa are 
grouped according to an idealized hydroseries from wet shore to deep water vegetation.
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was locally present. As a consequence the 20% le-
vels in the record of Alnus shows the events when 
the UFL is at the level of Lake Fúquene (2540 m). 
There is a quasi linear relationship between between 
AP% and the altitudinal distance of the UFL to the 
lake. This relationship was quantified in Groot et al. 
(2011). AP% at the UFL is ~40% while every 100 m 
of upslope UFL displacement adds ~5% to the AP% 
(Hooghiemstra, 1984; Groot et al., 2011). Variation 
of AP% is used to reconstruct MAT. For UFL posi-
tions below the elevation of the lake the quasi linear 
relationship between AP% and altitudinal distance 
to the lake is less robust as the pollen source areas lie 
on the outer slopes of the basin. However, uncertain-
ties cannot increase substantially as the elevation of 
the UFL; primarily indicated by the AP%, is always 
assessed in combination with judging the taxonomic 
composition of the dominant plant associations

We used varying proportions of deep water taxa, sha-
llow water taxa, swamp taxa, and herb taxa from wet 
lake shores to reconstructs lake-level changes. These 
categories of the hydroseries are based on Cleef (1981), 
Donato-R et al. (1987), Rangel (2003) and Guzmán 
(2007). To produce the pollen record of the local vege-
tation changes and to interpret the varying categories 
we followed Van ‘t Veer and Hooghiemstra (2000).

2.4 Zonation

The zonation of Fq-1, Fq-2, Fq-3, and Fq-7C was 
based on visual inspection of major changes in the 
proportions of ecological groups and changes of in-
dividual taxa. In Fq-9C local and regional pollen zo-
nes were established on the basis of stratigraphical 
constrained cluster analysis using the total sum of 
squares (CONISS; Grimm, 1987; Gill et al., 1993).

Fig. 2. Plot of depth vs. calendar age of pollen records Fq-2, Fq-3, Fq-7C and Fq-9C. The upper panel shows the origin 
of every tie point: 14C = calibrated age; LR04 = obtained after correlation with benthic δ18O LR04 record (Lisiecki and 
Raymo, 2005); Fq-9C = obtained after biostratigraphic correlation with pollen record Fq-9C; Fq-7C = obtained after 
biostratigraphic correlation with pollen record Fq-7C. Accepting continuous cyclostratigraphy the shadowed interval of 
Fq-3 has an age of 133-186 ka, but these ages are rejected based on biostratigraphy (see text for further explanation).

3. Revision of age models

Spectral analysis of the Fq-9C AP% record has re-
vealed highly significant power at ~9.07 and 22.65 
m, and peaks with lower significance at 12.58, 5.96, 
4.19 and 3.65 m (Groot et al., 2011). The 22.65 m 
periodicity coincides with the large-scale variations 
in the AP% record, and was attributed to the imprint 
of the late Pleistocene ~100 kyr glacial rhythm. This 

implies that the 9.07 m cycle corresponds with a 41 
kyr period, indicating a large obliquity control of 
the climate variability in this region, while the less 
significant peaks at ~12.5 m, 5.9 m, 4.19 m, and 3.6 
m should coincide respectively with 57 kyr, 27 kyr, 
19 kyr, and 16.5 kyr periods. Groot et al. (2011) 
filtered the ~9 m period from the AP% record and 
correlated this component directly to the 41 kyr 
obliquity component of the global δ18O benthic 
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Fig. 3. Main pollen records Fq-2, Fq-3 Fq-7C and Fq-9C plotted with a normalised pollen sum on a linear depth sca-
le. The original pollen zones and available 14C dates are shown. Power spectra of AP% time series above confidence 
levels of 95% and 99.9 % show the main periodicities in the depth domain.
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stacked record (LR04; Lisiecki and Raymo, 2005), 
resulting in a tuned age model for the ~27-284 ka 
time interval of Fq-9C (Groot et al., 2011). In addi-
tion, data from the last 27 kyr of Fq-2, constraint by 
several recalibrated 14C dates, was implemented on 
top of the Fq-9C to extend the AP% record up to the 
latest Holocene. This resulted in a complete and ul-
tra high-resolution AP% record for the past 284,000 
years, which is used here as the chronological back-
bone for Fq-3 and Fq-7C (Figs. 2 and 3).

We applied the CLEAN algorithm (Roberts et al., 
1987; Heslop and Dekkers, 2002) with the same pa-
rameters as used for core Fq-9C to identify the main 
spectral power distribution in the depth domain of the 

AP% records of Fq-2, Fq-3 and Fq-7C. The power 
spectra of Fq-2 and Fq-7C revealed both a distinct 
~11.8 m periodicity, which given the relatively short 
length of both cores, reflects the prominent change in 
AP% from the LGM to the Holocene (Fig. 3). Even 
though a period with a similar length is reflected in 
the Fq-9C spectrum associated with a 57-kyr period 
we refrained from using this oscillation for cons-
tructing the age model of Fq-2 and Fq-7C, since one 
cycle represents almost the total length of the cores. 
Instead, we used the revised 14C ages, based on the 
CALIB REV 5.0.2. program (Stuiver et al., 2009), as 
chronological tie points (Table 3, Fig. 2). In addition, 
up to a core depth of 11.8 m in Fq-2, 14.5 m in Fq-7C, 
and 11.5 m in Fq-9C there are robust similarities in 

Table 3. List of radiocarbon dates from cores Fq-2, Fq-3, and Fq-7C. The ages are calibrated according to Stuiver et 
al. (2009). Asterisks (*) indicate dates not used for the construction of the age model; ages beyond the possibility of 
calibration are indicated with #. For several samples δ13C values were no measured. GrA-numbers reflect AMS 14C 
ages and GrN-numbers reflect conventional 14C ages.
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the pollen records. In particular, the records of AP%, 
Polylepis, Alnus, Quercus, Myrica, Podocarpus, and 
Poaceae allows us to transfer 3 ages from Fq-9C to 
core Fq-7C, and to transfer 4 ages from core Fq-7C 
to Fq-2 (Table 4). On the basis of biostratigraphic 
correlation we assigned 2 calibrated 14C ages from 
Fq-7C and 2 from Fq-9C to the older part of record 
Fq-2 (Table 4). By linear inter- and extrapolation of 
both 14C and biostratigraphic tie points we derived a 
new chronology for both cores (Fig. 2). The resulting 
age for the base of Fq-7C arrives at 85.5 ka which is 
close to the 88.5 ka previously derived by Mommers-
teeg (1998). The age for the top part of Fq-7C is 2 
ka, approximated time when the deforestation signal 
starts in Fq-2 (Van Geel and Van der Hammen, 1973, 
Groot et al., 2011). Temporal resolution of Fq-7C va-
ries from 10 yr to 2480 yr with a mean of 370 yr. Fq-2 
reflects the last 44.7 ka (Fig. 3) and has a temporal 
resolution of 260 yr to 1000 yr (440 yr average).

According to the original time frame of core Fq-3 
the bottom of the 42 m long core has an age of ~120 
ka (Van der Hammen and Hooghiemstra, 2003). The 
high proportion of Andean forest taxa at the base of 
the record was interpreted to correspond with the ear-
liest part of MIS 5. Few radiocarbon dates, and gaps 
in the lower and upper parts of the core (Table 1) 
made the age model uncertain. Frequency analysis of 
the AP% record showed the same peaks of ~9 m and 
12 m (95% confidence level) in the power spectra as 
in Fq-9C, which are attributed to the obliquity forcing 
components (Groot et al., 2011) reinforcing obliquity 
as important driver of vegetation and climate change. 
Correlation of the 8 maxima in the AP% record with 
the corresponding maxima of Fq-9C suggests Fq-3 
reflects the period from 185 ka to recent (Table 4). 
However the lowermost 10 m of pollen record Fq-3 
shows an interglacial signature contradicting the gla-
cial conditions between ~185 ka and 140 ka. The-
refore, the age of the lowermost 10 m of core Fq-3 
remains uncertain. We suggest sediments of MIS 6 
age are not represented, and the lowermost 10 m of 
sediments might be of MIS 7 age. We accept pollen 
record Fq-3 up to 32 m and the age of this core depth 
is 133 ka. The temporal resolution of the 0-740 cm 
core interval (last ~22 ka) varies from 60 yr to 2420 
yr (average 410 yr) and of the lower core interval 
temporal from 420 yr to 1250 yr (average 900 yr).

The re-calculated pollen diagrams of Fq-2, Fq-3 
and Fq-7C are directly comparable to the pollen 
record Fq-9C (Fig. 3). Normalisation resulted in 
only minor changes of the original pollen diagrams 
(not shown). This substantiates earlier conclusions 
by Van ‘t Veer and Hooghiemstra (2000) that the 
main changes in the contribution of altitudinal ve-
getation zones is attributed to a few key taxa, such 
as Alnus, Quercus, Myrica, Hedyosmum, Podocar-
pus, Weinmannia, Asteraceae and Poaceae. An-
dean forest taxa like Croton, Daphnopsis, Symplo-
cos, Vallea and Monnina, and taxa from the grass 
páramo such as Aragoa, Gentiana, Geranium and 
Caryophyllaceae are also good indicators of ecolo-
gical ranges but less proliferous pollen producers.

4. Biostratigraphical zonation of the Fú-
quene Basin

The four pollen records, ordered according to the 
distance to the present-day lake border, show a cross 
section of the lake basin (Fig. 4). Ages of the origi-
nal pollen zones were established with the revised 
age models and isochrone lines were drawn to show 
biostratigraphic zones (Table 5). Multi-site plots of 
ecological groups on a linear time scale show that 
temporal changes are time equivalent in most cases 
(Fig. 5). There is a good agreement between chan-
ges in the regional vegetation. In a few intervals re-
cords of Alnus and aquatic vegetation show a lag 
in response and Quercus a contrasting signal. The 
biostratigraphy of Lake Fúquene sediments is based 
on a comparison of Fq-9C and Fq-3 for the period 
before 85 ka, including record Fq-7C for the period 
from 85 to 44 ka, and all four records for last 44 ka 
(Fig. 6). Since the age model of Fq-9C was develo-
ped by tuning the AP% record to the δ18O benthic 
stack LR04 record (Lisiecki and Raymo, 2005), the 
chronozones assigned to the pollen records corres-
pond to the chronology of the MIS which express 
changes in global ice volume (Imbrie et al., 1984). 
 
The records showing changes in the aquatic ve-
getation differ between cores depending on the 
lake-level at the drilling site and site bound depo-
sitional conditions.



95

Chapter 4

Fig. 4. Idealized cross section through the sediments of the upper part of the Fúquene Basin showing the relative 
location of four records along a profile perpendicular on the lake shore. Cores are plotted on a linear depth scale 
relative to the 2002-shore line. Radiocarbon ages are shown. Based on the revised age models isochrone lines, chro-
nozones A to E (see text), and the position of Marine Isotope Stages (MIS) according to LR04 record (Lisiecki and 
Raymo, 2005) are shown.
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Table 5. Comparison of the regional vegetation change in pollen records Fq-2, Fq-7C, Fq-3 and Fq- 9C based on the 
original pollen zones. Ages of zone boundaries are indicated and based on the revisited age models. The shadowed 
area in Fq-3 indicates a pollen zone with unknown stratigraphical position (see text). The most important taxa charac-
terizing pollen zones/periods are listed in relative order of dominance: subpáramo (Ast: Asteraceae, Poly: Polylepis, 
Hyp: Hypericum), grasspáramo (Poa: Poaceae), Andean forest (Aln: Alnus, Que: Quercus, Myr: Myrica, Wein: Wein-
mannia, Pod: Podocarpus, Hed: Hedyosmum, Mic: Miconia, Myrs; Myrsine, Mel: Melastomataceae, Dod: Dodonaea) 
and subandean forest (Alc: Alchornea, Aca: Acalypha, Cec: Cecropia, Urt: Urticaceae/Moraceae).
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Chronozone E: 134.5 to 69.5 ka (MIS 5)

At ~134.5 ka the vegetation in the Fúquene Ba-
sin changed from subpáramo and grasspáramo to 
Andean forest which is associated to the transition 
from MIS 6 to MIS 5. We recognised 3 substages. 
(1) The period from ~134.5 to 110 ka shows full in-
terglacial conditions. The UFL was located at ~3400 
m and the MAT was around 14°C. Some differences 
in floral composition between records can be no-
ted. In Fq-3 insect pollinated Weinmannia and Ilex 
peaked from 124.7 to 111.3 ka while in Fq-9C wind 
pollinated Quercus and Podocarpus were abundant. 
Insect pollinated plants disperse pollen poorly and 
representation of insect pollinated taxa may point 
to a local presence near the coring site. This expla-
nation is supported by the coring locations: Fq-3 in 
the border area of the lake and Fq-9C centrally lo-
cated in open water. Until 123 ka swamp vegetation 
was abundant. Between 123 and 115.3 ka abundant 
shallow water taxa indicate an increase of the water 
table in Fq-3. At site Fq-9C shore vegetation was 
abundant showing various conditions in the lake co-
incided and formed a mosaic. (2) The period from 
~111 to 88.5 ka is consistently reflected in Fq-9C 
and Fq-3. Subpáramo and grasspáramo vegetation 
increased on the slopes above the lake indicating 
climate became cooler. There is still Andean forest 
around the lake a.o. shown by the representation of 
Alnus >20%. The UFL is around 2550 m and MAT 
at the level of the lake ranged between 9.5 and 10.5 
°C (Groot et al., 2011). Up to 95 ka expanding sho-
re vegetation indicates the lake became smaller. Up 
to 95 ka Fq-9C shows abundant Borreria but Fq-3 
does not show evidence of climatological dryness. 
This difference shows that Fq-3 better registers lo-
cal conditions while centrally located Fq-9C shows 
evidence integrated from a large part of the basin. 
(3) During the period of ~88.5 to 69.5 ka all records 
show permanently high UFL positions. Fq-9C, 

Table 5. (continued)

Fq-3, and Fq-7C indicate that Andean forest con-
sisted mainly of Alnus, Quercus, and Weinmannia. 
After 78 ka Polylepis became more abundant, first 
registered in Fq-9C and Fq-7C and later in Fq-3. 
This is another evidence that record Fq-3 is least 
sensitive to register regional vegetation change. 
The records of aquatic vegetation of Fq-9C and 
Fq-3 show that swamp vegetation expanded. Peaks 
in Isoëtes around 83 ka in Fq-7C (at 17.2 m core 
depth; Mommersteeg, 1998) and Fq-9C (at 14.5 m 
core depth) coincides with accumulation of sandy 
and peaty sediments (Vriend et al., in review). This 
combination of evidence points to low lake level 
stands, proximal sediment source areas, fluvial 
transport of sands, and Isoëtes vegetation growing 
on sand bars (Torres et al., 2005).

Chronozone D: 69.5 to 55.5 ka (MIS 4)

During the period of 69.5 to 55.5 ka the UFL shifted 
from 3200 to ~2200 m, indicative of a MAT lowe-
ring from ~14°C to ~7.5 °C (Groot et al., 2011). Du-
ring a short warming around 63.3 ka the UFL migra-
ted upslope to 2600-3000 m reflecting temperatures 
up to ~10°C. We noted two main discrepancies bet-
ween records. Around 65.8 ka Fq-9C shows the UFL 
lowered to ≤ 2200 m, Fq-7C shows the UFL lowe-
red to ~2500 m, and Fq-3 shows an UFL at ~3100 
m. Fq-3 indicates interglacial conditions that lasted 
~4.2 kyr longer than the other records do indicate. 
During this interval the forest composition in Fq-3 
was dominated by Alnus, Quercus, and Weinmannia 
and resembles much the forest composition in Fq-
9C and Fq-7C during the last part of chronozone E, 
suggesting a gap in core Fq-3 at ~18 m (in Figs. 5 
and 6 at ~ 65 ka). A possible gap in core Fq-3 around 
66 ka coincides with presence of coarse sediment 
elsewhere: in Fq-7C sandy and organic deposits oc-
cur above 15.2 m (at ~69 ka) and in Fq-9C sand and 
coarse silt appear above 10.5 m (at ~66 ka) which 
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Fig. 5. Comparison of records of selected pollen taxa from cores Fq-2, Fq-3, Fq-7C and Fq-9C plotted on a linear time 
scale. Similarity of temporal vegetation change is shown by AP%; the Andean forest taxa Alnus, Quercus, Myrica (re-
cently re-named into Morella), Hedyosmum, and Weinmannia; the subpáramo taxa Asteraceae and Polylepis/Acaena; 
Poaceae reflecting grasspáramo; and the group of aquatics including Apiaceae, Hydrocotyle, Ludwigia, Myriophyllum, 
Typha, Ranunculaceae, Isoëtes and Potamogeton.
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makes a plausible total setting. The second differen-
ce is noted after the short interstadial. Between ~60 
and 58 ka Fq-9C and Fq-3 show the UFL lowered 
below 2500 m (MAT below 8 °C). During the same 
period Fq-7C suggests the UFL varied between 2700 
and 3000 m (MAT between 10 and 12 °C). During 
the last part of MIS 4 Fq-7C and Fq-3 show presen-
ce of Andean forest, Alnus in particular, but Fq-9C 
shows abundant subpáramo and grasspáramo vege-
tation. Representation of Alnus >20% in Fq-7C and 
Fq-3 points to local presence of Alnus swamp forest 
around the lake. We may deal here with a rare set-
ting in which important presence of aquatic astera-
ceous vegetation (Bidens) and aquatic graminaceous 
vegetation (e.g. Polypogon) are contributing to the 
categories of subpáramo and grasspáramo, respecti-
vely (Rangel, 2003; Guzmán, 2007).

Chronozone C: 55.5 to 31.5 ka (MIS 3)

During MIS 3 the pollen records share two charac-
teristics. (1) after 53.5 ka the UFL rapidly shifted to 
altitudes above 3000 m and show a suite of stadial-
interstadial oscillations which correlate with DO-
cycles (NGRIP Community Members, 2004) (Fig. 
6). The most robust DO-cycles reflected are 54.6-
51.6 ka (DO cycle 14), 46.6-43.7 ka (DO cycle 
12), 35.5-32-4 ka (DO cycle 8). Andean forest was 
mainly composed of Alnus and Quercus together 
with Myrica and Podocarpus. High proportions of 
Weinmannia in Fq-3 are interpreted as reflecting 
locally present Weinmannia forest. During stadial 
conditions the UFL shifted to elevations below the 
basin and MAT varied between 8° and 9°C. (2) 
Polylepis forest inceased in abundance around the 
UFL and peaked at 53-48.3 ka, 47-45 ka, 44.2-41.2 
ka, 40.6-37.2 ka and 35.3-34 ka. Glacier expansions 
and fluvio-glacial deposits pointing to wet climatic 
conditions occurred at ~50 ka, 43-38 ka, and 36-31 
ka and glaciers reached as low as ~2800 m (Van 
der Hammen, 1995; Helmens et al., 1997). After re-
treatment of the glaciers abundant Dodonaea may 
have grown on bare and exposed soils.

Chronozone B: 31.5 to 17.2 ka (MIS 2)

From 26 ka to 20 ka the UFL reached as low as 
~2000 m (Van Geel and Van der Hammen, 1973; 
Van der Hammen and Hooghiemstra, 1995). Record 
Fq-3 shows the lowest position of the UFL from 
27.2 to 23.4 ka and around 21.7 ka. Between 23.4 
ka and 21.8 ka Fq-3 shows a well-dated (2 calibra-
ted 14C ages; Table 3) and sudden upslope migra-
tion of the UFL which is not well registered by Fq-2 

neither by Fq-7C (Fig. 6). In Fq-2 and Fq-7C the 
coldest period is registered from 21 ka to 19.5 ka 
coinciding with the LGM. At the elevation of Lake 
Fúquene lowest MAT were around 6.9 °C (Groot 
et al., 2011). In Fq-2 and Fq-7C the maximal ex-
pansion of the swamp vegetation, thus lowest lake 
level conditions coincided with the period of lowest 
LGM temperatures pointing to very dry climatic 
conditions. It is plausible that LGM UFL positions 
and inferred temperatures are flawed by presence of 
significant aquatic graminaceous vegetation of Po-
lypogon; more palaeoecological evidence from ele-
vations between ~1900 and ~2300 m is needed to 
precise estimates of LGM temperatute deviations. 
Fq-3 shows a gap in the sediment record after 21.2 
ka (6.3 m core depth) probably due to later erosion 
(Van der Hammen and Hooghiemstra, 2003) pre-
venting further comparison.

Chronozone A: 17.2 ka to the present (MIS 1)

In Fq-2 and Fq-7C the transition from MIS 2 to MIS 
I (Termination 1) is clearly presented. Fq-2 shows 
in most detail the Susacá and Guantiva interstadials 
(equivalent to the Bølling and Allerød interstadials) 
and the El Abra stadial (equivalent to the Younger 
Dryas (YD); Van Geel and Van der Hammen, 1973; 
Van der Hammen and Hooghiemstra, 1995; Van ‘t 
Veer et al., 2000). Termination I lasted from ~17 
to 13 ka and the UFL shifted to ~3200 m reflecting 
MAT of 13°C. Andean forest was mostly compo-
sed of Quercus accompanied by Alnus, Myrica, and 
Podocarpus. Initial relatively wet conditions can 
be inferred from the presence of deep water vege-
tation. This interpretation is supported by a glacier 
expansion between 18 ka and 15.5 ka and posterior 
fluvioglacial deposition in the Eastern Cordillera 
(Van der Hammen; 1995; Helmens et al., 1997). 
Representation of the bare soil pioneer Dodonaea 
can be explained by the effect of rapid warming. It 
caused a high forest turnover leading to abundant 
presence of exposed soils prone to erosion. Between 
~13 ka and 10 ka Fq-2 shows the El Abra (YD) sta-
dial. High values of Poaceae and Asteraceae during 
this period have been interpreted as indicating lower 
temperatures and lower precipitation (Van ‘t Veer et 
al., 2000). Fq-2 shows the UFL shifted after 9.8 ka 
to present-day elevations. The UFL shifted to 3400 
m and stayed at that elevation between 8.3 ka and 
3.2 ka; MAT at the lake was between ~13 and 15 °C. 
Andean forest was mainly made up of Quercus, Al-
nus, Melastomataceae and Weinmannia. Urticaceae/
Moraceae, Acalypha, and Alchornea reached high 
proportions indicating that uppermost subandean 
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forest had reached Lake Fúquene closely (Van Geel 
and Van der Hammen, 1973; Van ‘t Veer et al., 2000; 
Van der Hammen and Hooghiemstra, 2003). After 
3.2 ka Fq-2 shows significant human impact and this 
last part is not used for biostratigraphic of climate re-
constructions. Human inpact during this most recent 
interval is supported by evidence of pre-hispanic 
crop cultivation at Tocogua site around 2320 ± 50 
14C yr BP (Becerra, 1995). In the same area Gómez 
et al. (2007) found clearing by fire around 4 ka.

5. Global significance of the Fúquene Ba-
sin climate record

We assessed the global relevance of record Fq-BC 
by comparing climate variability with selected re-
cords from elsewhere (Fig. 7). Correlation between 
Fq-BC and the δ18O benthic LR04 record (Lisiecki 
and Raymo, 2005) was elaborated to develop the 
age model (Groot et al., 2011). For comparison we 
used Antarctic record EPICA Dome C (Jouzel et 
al., 2007) and Greenland record NGRIP (NGRIP 
Community Members, 2004), which reflect varia-
tions in atmospheric temperature. We also used 
the Mediterranean records ODP-977A and MD01-
2443/44 (Martrat et al., 2004, 2007) which reflect 
sea surface temperatures (SST) to assess climate 
variability beyond MIS 5.

EPICA and Mediterranean records support our ob-
servation from Fq-BC that MIS 7.5 temperaures 
were higher than warmest temperatures during the 
Holocene but lower than MIS 5.5 temperatures (Fig. 
7). Terminations I, II and III in Fq-BC mimic the 
pattern observed in LR04 and EPICA. In Fq-BC the 
Susacá and Gautiva interstadials (indicated in Fig. 7 
as BA) and the El Abra stadial (indicated in Fig. 7 as 
YD) of Termination I correspond with the two-step 
warming in EPICA but also in NGRIP record. The 
two-step warming is also obvious in the Caribbean 
record ODP 1002 C (Peterson et al., 2000; not shown) 
and in the Mediterranean SST record (Martrat et al., 
2004, 2007). This characteristic climate oscillation 
is also shown in long European pollen records such 
as Lake Monticchio (Allen et al., 1999; not shown). 
A similar two-step warming in Fq-BC during Ter-
mination III was observed in Antarctic temperature 
change (Caillon et al., 2003; Jouzel et al., 2007) and 
Mediterranean SST (Desprat et al., 2006; Roucoux 
et al., 2006). Fq-BC also suggests Termination II 
shows such characteristic climate oscillation which 
is supported by various palaeoceanographic records 

(Sanchez Goñi et al., 1999; Gouzy et al., 2004; Can-
nariato and Kennett, 2005; Risebrobakken et al., 
2006; Siddall et al., 2006).

Using a lapse rate of 0.6°C per 100 m, Fq-BC shows 
MAT changes at Termination I of ~8.5 °C, and Ter-
mination II and Termination IIIb up to 10 °C   (Groot 
et al., 2011). During MIS 5-1 in Fq-BC millennium 
scale climate variability shows high similarity with 
the millennium scale variability in records from 
Greenland (Dansgaard et al., 1993; NGRIP Com-
munity Members, 2004), Antarctica (EPICA Com-
munity Members, 2006), Cariaco Basin (Peterson et 
al., 2000), Mediterranean Sea (Martrat 2004, 2007) 
and caves in China (Wang et al. 2001) (Fig. 7).

Dansgaard-Oeschger (DO) cycles were first descri-
bed from Greenland and are characterized by abrupt 
warming of ~7 °C within a few decades followed by 
gradual cooling over several hundred of years with 
a recurrence of 1.5 kyr (Dansgaard et al., 1993). 
DO-cycles are associated with the North Atlantic 
climatic oscillations (Ganopolski and Rahmstorf, 
2001; Lowe, 2001; Clement and Peterson, 2008). 
Fq-BC shows high climate variability during the 
last 120 ka; DO cycles 1, 8, 12, 14, 19, 20, 26, 27 
and 28 are most prominent (Groot et al., 2011). A 
comparison of Fq-BC with the NGRIP, EDC and 
MD01-2443/44 records show that most DO cycles 
are reflected with varied robustness in Fq-BC (Fig. 
7). In record Fq-2 we recognized during the last 44 
ka DO cycles 1, 2, 3-4, 5-7, 8-9, and 11 (Fig. 6). 
The higher temporal resolution in Fq-7C allows to 
recognise during the last 85 ka DO cycles 1, 2, 3, 
4, 5, 7, 8, 9, 11-12, 13-14, 18, 19, and 21 (Hesler et 
al., 2010). In the lower resolution record Fq-3 we 
recognized during the last 133 ka DO cycles 2, 3-4, 
5, 6, 7, 8, 11-12, 18, 19, 20, 21, 26 and 28.

Heinrich Events (HE) are defined as periodic dis-
charges of massive ice rafted debris (IRD) from 
the Laurentian and Scandinavian ice sheets into the 
North Atlantic Ocean together with a southern mi-
gration of the Arctic Front during a period of hun-
dreds to a thousand of years at recurrent intervals of 
approximately 7-10 kyr (Bond and Lotti, 1995). The 
pollen record of the Cariaco Basin (González et al., 
2008) shows that vegetation in the lowlands of nor-
thernmost South America responds to HE. In record 
Fq-BC HE-1/2 and HE-6 and the massive dischar-
ges of IRD during the last part of MIS 6 and MIS 8 
(McManus et al., 1999) correspond with the lowest 
MAT (~6.8 °C) in Fq-BC (Groot et al., 2011).
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Fig. 7. (a) Climate variability in the northern Andes based on altitudinal vegetation migrations in record Fq-BC and 
(b) lake level changes in the Fúquene Basin based on changing proportions of ecological groups of a hydrological 
gradient compared with selected records of global climate change plotted on linear time scale. (c) Fq-BC arboreal 
pollen record reflecting mean annual temperature.; (d) ice core NGRIP δ18O record indicative of variations in at-
mospheric temperature in Greenland (NGRIP Community Members, 2004); (e) ice core EPICA Dome C δD record 
(Jouzel et al., 2007) indicative of variations in atmospheric temperature in Antarctica, AIM corresponds to Antartic 
Isotopic Maxima; (f) marine MD01-2443/44 UK’37 alkelone record indicative of sea surface temperature variation in 
the Mediterranean, IMI corresponds to Iberian Margin Interstadial (Martrat et al., 2007); (g) δ18O benthic stack record 
LR04 indicative of global ice volume variation and related Marine Isotope Stages (Lisiecki and Raymo, 2005). Main 
DO-cycles during MIS 1-5 follow NGRIP numbering and are shown by gray intervals. Numbers of DO-style cycles 
during MIS 6-8 are based on the Fq-BC record and shown in green-gray intervals.
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In Fq-BC millennial-scale climate variation con-
tinues into MIS 6, 7, and 8. During this period 
climatic cycles still do not have a standardised 
numbering and we therefore discuss millennial-
scale events in Fq-9C as DO-style cycles (Fig. 7). 
During the period from 243 to 134 ka (MIS 7-6) 
Fq-BC shows 20 DO-style cycles and during the 
period 284-243 ka (MIS 8) 6 DO-style cycles are 
registered. With a recurrence of ~1.5-3 kyr these 
DO-style cycles resemble much the DO cycles of 
the last 130 ka (Lowe, 2001; Rahmstorf, 2003). 
Comparisons between records show a different 
number of DO-style cycles. The Mediterranean 
Iberian Margin and Alboran Sea records show 
between 243 ka and 133 ka 15 DO-style cycles 
(Martrat et al. 2004, 2007). This number equals 
the number of most prominent millennial-scale 
fluctuations recorded in Antarctica (Jouzel et al., 
2007) (Fig. 7). Between 225-130 ka 24 summer 
monsoon events or Chinese interstadials were 
identified at middle latitudes (Wang et al., 2008). 
In North America, the Lake Bear pollen record 
shows only 7 DO-style cycles between 195 and 
130 ka (Jimenez-Moreno et al., 2007). Difference 
in the number of cycles may hint to various levels 
of sensitivity of the monitoring systems.

During MIS 8 Fq-BC shows 6 DO-style cycles whi-
le the Mediterranean record of Martrat et al. (2007) 
shows 10 DO-style cycles. Presence of DO cycles at 
low latitudes during the last 130 ka has been asso-
ciated with synchronic changes in the strength and 
latitudinal migration of the ITCZ and the monsoon 
systems (Peterson et al., 2000; Wang et al., 2001). 
Therefore we might expect a similar number of DO-
style cycles in climate records from different latitu-
des. In summary the Fq-BC record shows nearly all 
millennium scale climatic events registered before in 
marine and ice core records evidencing that the cli-
mate record of Lake Fúquene is of global relevance.

6. Conclusions

Precise age models are needed to address current 
research questions on centennial scale climate va-
riability. Long continental pollen records often have 
unsufficient radiocarbon dating and beyond radio-
carbon time control often curve matching is used to 
develop the chronology. Curve matching includes 
preconceptual ideas of the relation between records 
that are being correlated. Erroneous phase relation-
ships, misleading differences in amplitude between 

records, absence of calibrated radiocarbon ages, and 
unrecognised gaps in the sediment record may result 
in erroneous chronologies. In this paper we identi-
fied main frequencies in the depth domain and used 
these cycles as a common denominator between re-
cords. Most sediment cores of the Fúquene Basin 
have a ~9 m cycle in common which reflects the 41 
kyr cycle of the obliquity band (Groot et al., 2011). 
This allows to fine tune pollen records to orbita-
lly tuned marine and ice core records. For records 
which include only one cycle of the forcing mecha-
nism (obliquity) or less, we used biostratigraphical 
correlation in addition. Previously published chro-
nologies of pollen records from the Fúquene Basin 
have been improved. The base of 12 m record of 
Fq-2 is now established at 44 ka and the base of com-
posite record Fq-7C at 85.5 ka. The chronology of 
Fq-3 changed significantly; the lowermost 10 m of 
sediments with an interglacial signature are of unk-
nown age and the upper 32 m of sediments reflect 
the last 133 ka. All four pollen records show also 
a ~12 m frequency which reflects a ~57 kyr cycle 
possibly associated with the 54 kyr secondary cycle 
of the obliquity band (Tuenter et al., 2005). While 
precession forcing of climate change is dominant in 
the surrounding lowlands and related to latitudinal 
shifts of the ITCZ obliquity forcing appears more 
important at high elevations (Groot et al., 2011).

Record Fq-BC undoubtedly provides the longest 
high resolution terrestrial record of vegetation chan-
ge and inferred MAT during the last 284 ka (Groot 
et al., 2011). A comparison with selected marine 
and ice core records shows the global relevance of 
the climate reconstructions. During MIS 1-5 most 
ice core based DO cycles were recognised in the 
pollen record. Millennium scale climate variability 
continues through MIS 6, 7 and 8.
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