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SUMMARY

L acustrine sediments provide excellent re-
cords for reconstructing paleoenvironmen-
tal and paleoclimate conditions in continen-

tal regions. Here the sediments of the Andean Lake 
Fúquene in Colombia (5°27’N, 73°46’W, 2540 m 
altitude), currently located close to the ecotone 
between the Andean forest and the open treeless 
grasspáramo have been studied. For records of cli-
mate change this lake is strategically located half 
way the maximum (3500 m) and minimum (2000 
m) position of the upper forest line (UFL) during 
a glacial-interglacial cycle. Therefore, this po-
sition offers an excellent setting for carrying out 
paleoecological and paleoclimatological studies in 
the northern Andes. The promising results derived 
from previous palynological studies of cores dri-
lled near the margin of Lake Fúquene motivated to 
drill in the deepest part of the lake in order to co-
llect a sediment core long enough to document en-
tire glacial-interglacial cycles. Two parallel cores, 
Fúquene 9 and 10 (Fq-9 and Fq-10) including ~60 
m of sediments each, were drilled. These sediment 
records were used to build a composite record Fq-
9C. This thesis presents results of the lower part 
of the record; the upper part of the record forms 
the thesis of M. Groot. Sediments were analyzed 
for a suite of proxies at 1-cm increments. Biotic 
proxies include pollen and organic matter con-
tent (analyzed by means of loss-on-ignition LOI), 
while abiotic proxies include lithology, grain size 
spectra and geochemical composition. The main 
aims of this thesis were to reconstruct vegetatio-
nal and climatic change in the northern Andes with 
unprecedented high temporal resolution during the 
penultimate glacial cycle of the Pleistocene (pe-
riod 284 to 133 ka), to compare past environmental 
basin dynamics with regional climate change, and 
to determine if climate change as recorded by the 
sediments are of a global relevance.

In Chapter 2 we used the two parallel 60-m long 
cores Fq-9 and Fq-10 to build the composite re-
cord, Fq-9C. First we used lithological changes to 
correlate the records. Fine tuning of this correlation 
was attained by using high resolution Fe and Zr re-
cords obtained by X-ray fluorescence (XRF). The 
quality of Fq-9 core let us decide to use it as the 
main backbone and some core intervals from Fq-10 
were chosen to complement intervals with insuffi-
cient quality or missing intervals. Uncertainties in 
the radiometric 14C dates motivated us to search for 

alternative methods to arrive at a robust age mo-
del. We used frequency analysis in depth domain 
of the arboreal pollen (AP) record and established 
the main frequencies. We compared these frequen-
cies with potential drivers of the climate system and 
identified the main driver. Finally we compared the 
driving signal from Fq-9C with the same signal fil-
tered from the standard δ 18O marine stack LR04 re-
cord of Lisiecki and Raymo (2005). The AP record 
reflects the mean annual temperature (MAT). Do-
minant cycles at ~22.6 m and ~9 m in record Fq-9C 
correlate with the ~100 kyr eccentricity and the ~41 
kyr obliquity cycles, respectively. Direct correlation 
between the filtered ~9 m cycle signal in the Fúque-
ne record and the filtered 41 kyr component of LR04 
record (Lisiecki and Raymo, 2005) indicates record 
Fq-9C reflects the period from 284 till 27 ka. The 
temporal resolution of the Fúquene record is ~60 yr 
per cm. Consequently proxy-records obtained from 
Fq-9C document changes during glacial and inter-
glacial periods associated to Marine Isotope Stages 
(MIS) 8 to 3. We used the lower resolution pollen 
record Fúquene-2 (Fq-2) to extend the top of the 
record from 27 ka to recent and we labelled this ex-
tended record ‘Fúquene Basin Composite’ (Fq-BC). 
Results of transient climate modelling experiments 
indicate that changes in global ice volume and par-
ticularly greenhouse gas concentration are also im-
portant forcing agents which explain the recorded 
MAT variations during the last 284 ka in the region. 
Frequency analysis of the arboreal pollen record in 
the time domain shows MAT changes at millennial 
to centennial time scales. 

In Chapter 3 the results of pollen analysis during 
for the period 130-284 ka are presented. On the ba-
sis of 15 selected pollen and spore taxa representing 
the local aquatic vegetation lake level changes were 
reconstructed. A stratigraphical constrained cluster 
analysis (CONISS) of this record recognized 11 
main periods (pollen zones) with a characteristic 
setting. An integration of changes in the aquatic 
vegetation, grain size spectra, and organic carbon 
content allowed to recognize five different environ-
mental settings in the lake basin reflecting vegeta-
tion change, changes in energy level of sediment 
transport and accumulation, and production of bio-
mass. In total 63 subzones with an average duration 
of ~2.3 kyr were recognized. Periods with abun-
dant swamp and shore vegetation reflect a small 
lake size, correlate with a high accumulation of 
organic matter, fine grained sediments, and reflect 
low energetic environments. Periods with abundant 
shallow vegetation correlate with low presence of 
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organic matter and accumulation of fine to coarse 
grained sediment. A more dynamic environment 
and an intermediate lake size are reflected. Periods 
with abundant shallow and submerged vegetation 
associated with a low content of organic matter 
and important accumulation of mainly fine grained 
sediments reflects a large lake size with relatively 
deep water. During the glacial conditions of MIS 8 
Lake Fúquene kept most of the time an intermediate 
to large size. During the glacial conditions of MIS 
6 swampy conditions prevailed indicating the lake 
size was most of the time smaller; periods with in-
termediate to large lake size were rare. During the 
interglacial conditions of MIS 7 swampy environ-
ments prevailed almost without interruption poin-
ting to a small lake size most of the time.

Regional vegetation change was reconstructed on 
the basis of 51 selected pollen taxa. Their ecolo-
gical envelopes have been identified compared to 
previous studies. These taxa reflect the following 
main biomes: subandean forest, Andean forest, 
subpáramo vegetation, grasspáramo vegetation, 
and dry vegetation. The pollen record shows re-
gional vegetation dynamics. Downcore changes of 
the proportions of those taxa and related ecological 
groups are interpreted as the reflection of altitudi-
nal shifts of biomes driven by variations in MAT. 
Stratigraphical constrained cluster analysis recog-
nized 10 main periods. On the basis of more de-
tailed changes in regional vegetation, 52 short but 
distinct periods (subzones) were recognized reflec-
ting stadial and interstadial conditions. For the final 
identification of interstadials the Clean signal (95% 
confidence interval) of the AP record was used. Six 
interstadials belong to the last part of MIS 8 and 
20 interstadials belong to MIS 7-6. Interstadials in 
the Fq-9C record are shown by rapid changes of 
AP% with an amplitude in order of ≥15%. Upslo-
pe migrations of the UFL are first recognized by 
an increase of Alnus, Myrica, and Quercus, or by 
Myrica, Weinmannia, Quercus, and Miconia.  Du-
ring stadial periods the vegetation at elevations of 
the lake consisted of subpáramo and grasspáramo, 
mainly made up of Asteraceae and Poaceae. Abrupt 
warming from stadial to interstadial conditions 
lasted ~0.33 kyr on the average, while progressi-
ve cooling to stadial conditions appeared a slower 
process and occurred in general within 1 to 3.5 
kyr. On the basis of the UFL reconstructions and 
using a lapse of 0.65 °C/100 m vertical vegetation 
displacement MAT variations were reconstructed. 
MAT varied between 4.5-6 °C during abrupt war-

ming from stadial to interstadial conditions. During 
MIS 8 stadial temperatures were colder than during 
MIS 6. Lowest MAT of ~6 °C characterize stadials 
of MIS 8. Highest temperatures (~15 °C) occurred 
during warmest phases of MIS 7.5 and MIS 7.3. In-
terstadials during MIS 6 (≥11.5 °C on the average) 
were warmer than those during MIS 8 (≤ 11.5 °C on 
the average). Frequency analysis (95% confidence 
interval) in the time domain of AP and open water 
vegetation indicates that climate and lake variations 
occurred at millennial time scales. Periodicities of 
~1.5 kyr reflecting interstadial/stadial cycles are 
comparable with the Dansgaard-Oeschger (DO) cy-
cles of global signature established for the period of 
the last 120 ka. Identification of interstadial-stadial 
cycles previous to 133 ka in ice core records from 
Antarctica, marine records from the Mediterranean 
Sea, pollen records from North America, and spe-
leothem records from China show these millennial-
scale events have a global signature.

In Chapter 4 the age models of earlier published 
pollen records from Lake Fúquene were revisi-
ted. Using the original 14C dates of cores Fq-2, 
Fq-7C and Fq-3, biostratigraphic correlation, and 
frequency analysis of the AP records in depth do-
main the original age models were assessed and 
improved where possible. Subsequently vegeta-
tion change and inferred climate change of the 
records Fq-7C and Fq-3 for intervals older than 
27 ka were compared with the new record Fq-9C. 
Records share nearly the same sedimentary cycles 
indicating a common driver. Dominant cycles in 
the depth domain correlate with forcing in the 
obliquity-band, or its secondary component. On 
the basis of the revised age models records were 
compared for the last ~134 ka. All records docu-
ment a common regional vegetation development 
and climate change underlining that one pollen 
record from a basin may provide a record which 
is adequately representative. The recognized five 
chronozones correspond well with MIS 5 to 1. Mi-
nor differences between these pollen records can 
be explained in terms of local vegetation change 
and presence of gaps in the sediment record at the 
periphery of the lake basin.

Comparison of the MAT record of Fq-BC with se-
lected climate records from long benthic marine, 
and Antarctic ice core records for the last 284 ka 
shows that climate variability in the Northern Andes 
reflects a response to global climate change. Main 
drivers of climate change in the Northern Andes are 
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equally associated to the eccentricity and obliquity 
bands, changes in global ice volume and greenho 
use gasses. Similarly, Terminations I, II and III in 
the Fq-BC record mimic patterns identified in high 
resolution climate records from marine and ice co-
res as well as from continental pollen records. The 
two-step oscillation in temperature increase, charac-
teristic of Termination I (Bølling-Allerød/Younger 
Dryas transition), corresponds well with the locally 
named Susacá-Guantiva/El Abra transition. Record 
Fq-9C also documents the two-step warming at Ter-
mination III. Record Fq-9C also shows with a small 
amplitude a two-step warming during Termination 
II, a characteristic shown only by few marine δ18O 
records. MAT from the Fq-9C record clearly shows 
millennial to centennial scale climatic variability. 
During the first climate cycle (MIS 5-2) timing, 
shape, and length of the climate oscillation coinci-
de with most of the DO cycles. The globally iden-
tified DO cycles 1, 8, 12, 14, 19, 29, 26, 27 and 28 
are most clearly reflected in the Fúquene record and 
can be seen as the terrestrial counterparts. Before 
133 ka numbering of DO style climate cycles va-
ries depending sites and authors. During the second 
climate cycle (MIS 7-6), Fq-BC shows 20 DO-style 
climate events, and during MIS 8 (third climatic cy-
cle which is incomplete in our new record) 6 cycles. 
Periodicity of DO-style cycles in record Fq-BC is in 
agreement with DO cycles of the last 120 ka.

In Chapter 5 the downcore changes in abundanc e 
of geochemical elements was analyzed and inter-
preted in terms of changing abiotic conditions in 
the basin. Relationships between geochemical ele-
ments, grain size spectra and pollen spectra have 
been explored and an integrated reconstruction of 
environmental change was presented. Twelve ele-
ments, measured by XRF, were selected to study 

relationships between the various sources, i.e. the 
main geological formations, and the sink, i.e. the 
lake basin. Ordination by principal component 
analysis (PCA) was helpful to identify main ope-
rating processes. The elements Al, Si, and K have 
been accumulated almost continuously; source 
areas in the basin were almost continuously con-
nected by a riverine transport system to the lake 
basin. The record of Zr reflects intensity of phy-
sical weathering of quartzite. Records Ca, Sr, Fe, 
S, Zn, and Cl indicate transport of sediments from 
calcareous and shale formations and particularly 
in-situ chemical weathering related with anoxic 
conditions in the lake. PCA of pollen reflecting 
ecological groups, grain size distribution, organic 
matter content, and XRF-based geochemical com-
position shows the influence of climate change on 
sediment composition, transport, and sediment ac-
cumulation in the basin. Six distinct environmen-
tal settings were recognized and illustrated, and on 
the basis of these settings past changes in the sedi-
mentary environment have been reconstructed. In 
general precipitation of redox-sensitive elements 
like Fe and S correlates with high accumulation 
of organic matter in swampy environments during 
interglacial / interstadials episodes. Intensified 
transport, accumulation of Zr and Si, and presen-
ce of coarse sandy sediments are associated with 
periods during which shallow and submerged ve-
getation was abundant. These periods reflect wet 
climatic conditions that mostly occurred during 
glacial and stadial periods.

In Chapter 6 results from the previous chapters 
have been synthesized, progress in paleoecologi-
cal research in the northern Andes has been dis-
cussed, and some suggestions have been given for 
future research.




