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Summary

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.
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Samenvatting

SAMENVATTING 

Sedimenten uit meren kunnen uitstekende recons-
tructies leveren van milieu- en klimaatverande-
ring. Het Fúquene Meer in Colombia (5° 27’N, 
73° 46’W) ligt op 2540 m hoogte in een Andiene 
vallei. De huidige bosgrens ligt daar op 3200 m 
en vormt de overgang van gesloten bergbos naar 
de open páramovegetatie. De positie van dit meer 
is strategisch gelegen om vegetatieveranderingen 
te registreren, om rede dat het halverwege de ho-
ogste bosgrenspositie gedurende een interglaciaal 
(~3500 m) en de laagste positie (~2000 m) gedu-
rende een glaciaal ligt. Dit verklaart de opmer-
kelijk hoge temperatuurgevoeligheid van de po-
llendiagrammen van dit meer en de waarde voor 
paleoecologische reconstructies in de noordelijke 
Andes in het algemeen.

Voorgaand onderzoek aan boorkernen, verzameld 
aan de rand van het meer, leidde tot veelbelovende 
resultaten. Dit motiveerde om een kern te boren in 
het diepste deel van het meer met als doel een vo-
lledige interglaciaal-glaciaal cyclus te bestuderen. 
Uit twee parallelle kernen Fúquene-9 en 10 (Fq-9 en 
Fq-10) van elk ~60 m diep werd uit de beste delen 
van elke kern de samengestelde sedimentsequentie 
Fúquene-9Composiet (Fq-9C) gevormd. Dit proefs-
chrift presenteert de resultaten van de onderste deel 
van de sequentie; het bovenste deel vormt het pro-
efschrift van M. Groot. Met een monsterafstand van 
1 cm zijn een reeks van proxies geanalyseerd. Bes-
tudeerde biotische proxies zijn pollen en het gehalte 
aan organisch materiaal (bepaald via loss on igni-
tion). Abiotische proxies omvatten de lithologie, ko-
rrelgrootteanalyse, en geochemische samenstelling. 
Het hoofddoel van dit onderzoek was het reconstrue-
ren van klimaatverandering in de noordelijke Andes 
met hoge resolutie in de tijd voor het laatste deel van 
het Pleistoceen, het correleren van de signalen van 
vegetatie en klimaatverandering uit de verschillende 
kernen van het Fúquene Bekken, en het correleren 
van de klimaatreconstructie met mariene en ijsker-
nen om de relevantie voor klimaatverandering op 
wereldschaal vast te stellen.

In Hoofdstuk 2 is uit twee parallelle kernen een sa-
mengestelde sedimentsequentie gevormd: Fúque-
ne-9Composiet (Fq-9C). De constructie van Fq-9C 
was in eerste instantie gebaseerd op veranderingen 
in lithologische kenmerken. Met behulp van hoge-
resolutie cuves van Fe en Zr, verkregen via X-ray 
fluorescentie (XRF) werd meer detail over de litho-
logische sequentie verkregen en kon een fine-tuning 

plaatsvinden. Kern Fq-9 had de beste kwaliteit en 
werd daarom leidend terwijl de sedimenten uit kern 
Fq-10 werden gebruikt om Fq-9-kernintervallen 
van mindere kwaliteit te vervangen, of ontbreken-
de sediment intervallen op te vullen. Onzekerhe-
den in de 14C dateringen leidde tot het gebruik van 
een andere methode om de chronologie te bepalen. 
Frequentieanalyse van de boompollencurve in het 
dieptedomein, het vergelijken van de gevonden fre-
quenties met mogelijke drivers van klimaatveran-
dering, en fine-tuning van de driver in Fúquene met 
hetzelfde signaal gefilterd uit de mariene standaard 
curve van Lisiecki and Raymo (2005) leidde tot 
een robuste chronologie. De boompollencurve re-
presenteert de gemiddelde jaartemperatuur (MAT). 
Meest dominant waren de cycli van ~22.6 m en ~9 
m en vergelijking van ratio’s uit deze getallen met 
ratio’s van mogelijke drivers leerde dat deze cycli 
respectievelijk  de ~100,000 jaar (~100 kyr) cyclus 
van de eccentriciteit van de aardbaan, en de ~41 kyr 
cyclus van de scheefstand van de aardas (obliquity) 
representeren. Een directe correlatie tussen de ge-
filterde ~9 m cyclus en de gefilterde 41 kyr cyclus 
uit de δ18O benthic stack record LR04 van Lisiecki 
& Raymo (2005) toonde onmiskenbaar aan dat de 
Fq-9C record de periode van 284,000 tot 27,000 
jaar voor heden (284-27 ka) representeert met een 
resolutie van ~60 jaar. Als gevolg laten alle proxies 
de veranderingen zien in het Fúquene bekken en 
in de regio daaromheen tijdens de mariene isotoop 
stadia (MIS) 8 tot 3. Omdat de Fq-9C record de la-
atste 27 ka niet representeert is het pollendiagram 
van Fq-2 gebruikt om deze tijdserie te verlengen 
tot aan het eind van het Holoceen. Resultaten van 
experimenten met klimaatmodellen tonen aan dat 
naast thermische insolatie ook veranderingen in de 
wereldwijde hoeveelheid ijs en de concentratie van 
broeikasgassen in de atmosfeer belangrijke drivers 
zijn van temperatuurveranderingen. in de noorde-
lijke Andes. Deze klimaatreconstructie toont de 
variabiliteit van het klimaat, de temperatuur in het 
bijzonder, van een astronomische tijdschaal tot op 
een tijdschaal van millennia en zelfs eeuwen.

In Hoofdstuk 3 is een recontructie gemaakt van 
de locale en regionale vegetatiedynamiek voor de 
periode van 284 tot 133 ka. De reconstructie van 
de locale vegetatiedynamiek is gebaseerd op gese-
lecteerde pollen, varensporen en algen. Met behulp 
van een stratigrafische clusteranalyse (CONISS) 
zijn 11 pollenzones herkend. Een synthese van de 
aquatische vegetatie en het koolstofgehalte van het 
sediment leidde tot het herkennen van 5 verschi-
llende afzettingsmilieu’s in termen van watervege-
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tatie, energieniveau van het sedimenttransport en 
de daarop volgende afzetting, en productie van or-
ganische stof (biomassa). Dominantie van moeras 
en natte-oever vegetatie correleert met een hoge 
biomassaproductie en sedimentatie van fijnkorre-
lig sediment: dit reflecteert een laag energetisch 
niveau, veel moerasvegetatie en een meer met een 
klein oppervlak. Veel vegetatie van ondiep water 
correleert met een lager gehalte aan organisch ma-
teriaal, en sediment met een variabele korrelgrootte 
(fijn tot grof sediment). Dit reflecteert een dynamis-
cher milieu met een groter oppervlak van het meer. 
Vegetatie kenmerkend voor ondiep tot diep water, 
een fijkorrelig sediment met een laag organisch ge-
halte reflecteert diep water en een groot opervlak 
van het meer. Op basis van deze kenmerken werden 
63 periodes herkend met een gemiddelde duur van 
2300 jaar. Tijdens MIS 8 had het Fúquene Meer een 
gemiddeld tot groot oppervlak onderbroken door 
slechts korte periodes met een lage waterstand. Ti-
jdens MIS 6 liet het meer vooral moerascondities 
zien en had het een relatief klein oppervlak. Tijdens 
het interglaciaal MIS 7 was het meer voornamelijk 
klein met uitgebreide moerassen.

De regionale vegetatiedynamiek is gebaseerd op 
geselecteerde pollen taxa die kenmerkend zijn voor 
subandien bos, Andien bos, subpáramo, graspáramo, 
en droge vegetatie. Veranderingen in de proporties 
van deze ecologische groepen in het pollendiagram 
laat de regionale vegetatiedynamiek zien. Deze alti-
tudinale verschuivingen van de vegetatie, inclusief 
de bosgrens (UFL), worden aangedreven door veran-
deringen in gemiddelde jaartemperatuur (MAT). Met 
behulp van stratigrafische clusteranalyse (CONISS) 
zijn 10 periodes (pollenzones) herkend. Op basis van 
veranderende vegetatiespectra en korrelgroottever-
delingen zijn 52 subzones herkend, kore periodes 
met een karakteristieke setting die de stadiaal-in-
terstadiaal dynamiek binnen een ijstijd weerspiege-
len. Identificatie van interstadialen is gebaseerd op 
het 95% betrouwbaarheidsinterval van het Clean 
signaal van de boompollen curve uitgevoerd in het 
tijdsdomein. MIS 8 (alleen het laatste deel is verte-
genwoordigd) toont 6 interstadialen. De complete 
interglaciaal-glaciaal cyclus MIS 7-6 heeft 20 inters-
tadialen die corresponderen met snelle klimaatve-
randeringen. In het pollendiagram corresponderen 
die met veranderingen ter grootte van ≥15% boom-
pollen. Als de bosgrens omhoog schuift zijn Alnus, 
Myrica, Quercus de eerste indicatoren van verande-
ring gevolgd door Myrica, Weinmannia, Quercus en 
Miconia. Tijdens stadialen lag de bosgrens beneden 
het meer en de regionale vegetatie op de hoogte van 

het meer bestond uit subpáramo en grasspáramo ve-
getatie, gedomineerd door planten uit de families van 
de Asteraceae en Poaceae. Abrupte opwarming van 
stadiaal tot interstadiaal condities duurde gemiddeld 
330 jaar terwijl de afkoeling naar stadiale condities 
meestal 1000 tot 3500 jaar duurde. Op basis van een 
temperatuurgradiënt van 0.65 °C/100 m vertikale 
vegetatieverschuiving laat de boompollencurve een 
opwarming zien van stadiaal naar interstadiaal con-
dities ter grootte van 7 tot 10 °C MAT. Stadialen uit 
MIS 8 waren kouder dan stadialen uit MIS 6. De ho-
ogste temperaturen (~15,5 °C) kwamen voor tijdens 
de interstadialen van MIS 7.5 en 7.3. Interstadialen 
van MIS 6 (gemiddeld ≥11.5 °C) waren warmer dan 
die van MIS 8 (gemiddeld ≤ 11.5 °C).

Frequentieanalyse van de watervegetatie, eve-
neens met een 95% betrouwbaarheidsinterval, 
laat zien dat de dynamiek van de waterstanden in 
het meer eveeens op een tijdschaal van millennia 
plaatsvond. Perioden van ~1500 jaar typeren de 
stadiaal-interstadiaal cycli en maken een vergeli-
jking relevant met de Dansgaard-Oeschger (DO) 
cycli die voor de periode van de laaste 120,000 
jaar zijn vastgesteld. Klimaatdynamiek op millen-
nium schaal lijkt een zeer robust kenmerk te zijn 
van het globale klimaatsysteem omdat het ook is 
waargenomen in de klimaatdynamiek van onder 
andere Antarctica, Groenland, en de zuurstofisoto-
op curves van de oceaansedimenten.

In Hoofdstuk 4 is de chronologie van de eerder 
geanalyseerde kernen Fq-2, Fq-7C en Fq-3 uit het 
bekken gereviseerd en waar mogelijk verbeterd. 
Daartoe zijn de oorspronkelijke 14C dateringen ge-
bruikt in combinatie met de nieuwe methode van 
chronologiebepaling, en waar nodig biostratigrafis-
che aanwijzingen. De reconstructies van vegetatie 
en klimaat zijn met elkaar vergeleken. Deze sedi-
mentkernen hebben de waargenomen sedimentcycli 
in Fq-9C gemeen hetgeen betekent dat er gezamen-
lijke drivers zijn. Dominante cycli in het dieptedo-
mein correleren met het astronomische signaal van 
de obliquity, of de tweede harmonische ocillatie er-
van. Op basis van gereviseerde crhonologieën die 
tesamen de laatste 134,000 jaar representeren zijn 
alle kernen opnieuw gecorreleerd. Tesamen laten ze 
een robust beeld zien van de regionale vegetatiedy-
namiek en de daarvan afgeleide klimaatdynamiek. 
De 5 onderscheiden hoofdperiodes komen goed 
overeen met MIS 5 tot 1. Ondergeschikte verschi-
llen tussen de pollendiagrammen afkomstig van de 
periferie van het meer kunnen worden teruggevoerd 
op verschillende omstandigheden van de boorloca-
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ties. Daarmee gaan kenmerken gepaard betreffende 
sedimentaccumulatie en gevoeligheid voor hiaten 
in de sedimentkolom.

De temperatuurreconstructie van de Fq-BC sedi-
menten voor de laatste 284,000 jaar zijn vergeleken 
met klimaatreconstructies gebaseerd op de zuursto-
fisotoop stratigrafie van de lange mariene kernen, 
alswel met de klimaatreconstructies uit de ijskappen 
van Groenland en Antacrtica. De klimaatrecons-
tructies komen goed overeen en daarmee is aange-
toond dat het klimaatsignaal uit het Fúquene Meer 
representatief is voor het globale klimaatsysteem. 
De belangrijkste drivers van het klimaatsysteem in 
de noordelijke Andes zijn geassociëerd met de ec-
centriciteit van de aardbaan (100.000 jaar ritme) en 
de scheefstand van de aardas (41.000 jaar ritme). De 
Terminaties I, II en III lijken sterk op de Termina-
ties in mariene kernen met hoge resolutie, alswel de 
Terminaties in de beste continentale pollendiagra-
mmen. De twee-stap opwarming van Terminatie I 
(Bølling-Allerød/Younger Dryas overgang) corre-
leert in vorm en tijd goed met het equivalent van 
de noordelijke Andes (Susacá-Guantiva/El Abra 
overgang). De Fq-BC curve laat ook een twee-stap 
opwarming zien in Terminatie II (zoals ook in enkele 
mariene kernen is gevonden) en Terminatie III. De 
tijdserie van de gemiddelde jaartemperatuur toont 
duidelijk klimaatvariabiliteit op millenniumschaal. 
Gedurende de laatste interglaciaal-glaciaal cyclus 
(MIS 5-2) komen timing, vorm, en periodiciteit 
van de meeste klimaatfluctuaties goed overeen met 
de Dansgaard-Oeschger cycli, vooral de cycli met 
nummers 1, 8, 12, 14, 19, 29, 26, 27 en 28 hebben 
in de Fúquene kern een betrouwbaar interstadial-
stadial equivalent. Voor de periode voor 133.000 
jaar geleden documenteert deze kern uit Colombia, 
maar ook kernen uit het Middelllandse Zee gebied 
en Antarctica het interstadiaal-stadiaal ritme, ofwel 
de DO-stijl cycli. Echter het systeem van numme-
ring verschilt per locatie en auteur.

Hoofdstuk 5 Richt zich op de geochemische analy-
se van de sedimenten. Het laat een studie zien van 
de relatie tussen de geochemische samenstelling 

van het sediment en andere onderzochte variabelen 
met als doel de abiotische dynamiek in het bekken 
te reconstrueren. Van de serie elementen die met X-
ray fluorescentie (XRF) zijn geanalyseerd werden 
12 elementen gebruikt om de relatie tussen ‘source’ 
(de geologische formaties) en ‘sink’ (het sediment 
in het meer) vast te stellen. Via een ordinatie met 
behulp van ‘principal component analysis’ (PCA) 
zijn de belangrijkste procesen geïdentificeerd. De 
elementen Al, Si en K zijn vrijwel ononderbroken 
afgezet en dit is typerend voor de samenstelling van 
de klei, en het transport ervan vanuit de verschillen-
de brongebieden naar het meer. De concentratie van 
Zr toont de intensiteit van de fysische verwering van 
kwartsiet. De curves voor Ca, Sr, Fe, S, Zn, and Cl 
laten het transport zien van verweringsproducten 
van kalksteen en schalie en van in situ chemische 
verwering onder anoxische condities in het meer. 
Een vergelijking door middel van PCA van de cur-
ves voor pollen (indiceert klimaatomstandigheden), 
korrelgroottefracties, gehalte aan organisch materia-
al, en de concentratie aan geochemische elementen 
bevestigt de invloed van klimaatverandering op de 
samenstelling van het sediment, de transportpro-
cessen, en de sedimentatie in het bekken. Deze va-
riatie is samengevat in 6 verschillende cartoons die 
de verschillende settings weergeven. Deze cartoons 
vormen de basis voor de reconstructie van het mi-
lieu. In het algemeen is de neerslag van redox-gevo-
elige elementen zoals Fe en S gecorreleerd met een 
hoge accumulatie van organisch materiaal tijdens 
interglaciale en interstadiale klimaatcondities in een 
milieu dat gedomineerd wordt door moerassen. Een 
intensiever transport en grotere accumulatie van Zr 
en Si gerelateerd aan grofkorrelige zandige sedi-
menten is geassocieerd met perioden waarin ondiep 
tot diep water condities overheersten en reflecteert 
natte klimaatcondities meestal gedurende koele tot 
koude glaciale/stadiale condities.

In Hoofdstuk 6 zijn de resultaten uit de vorige ho-
ofdstukken samengevat, is de voortgang van het 
paleoecologisch onderzoek in de noordelijke Andes 
besproken, en zijn enkele suggesties gedaan voor 
toekomstig onderzoek.
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RESUMEN

L os sedimentos lacustres aportan excelentes 
registros para reconstruir las condiciones 
paleoambientales y paleoclimáticas en las 

regiones continentales. En este estudio se analizaron 
los sedimentos de la Laguna de Fúquene (5°27’N, 
73°46’W, 2540 m altitud) una laguna intra-andina, 
actualmente situada cerca del ecotono entre el bos-
que Andino y el páramo de gramíneas. Para los es-
tudios de cambio climático esta laguna se encuentra 
estratégicamente ubicada a mitad de camino entre 
la altitud  máxima (3500 m) y mínima (2000 m) 
de la línea superior del bosque (UFL) durante un 
ciclo glacial-interglacial. Por lo que su posición la 
muestra como un sitio ideal para realizar estudios 
paleoambientales y paleoecológicos en la parte nor-
te de los Andes. Los resultados prometedores obte-
nidos de análisis polínicos anteriores, provenientes 
de núcleos de sedimentos extraídos cerca al borde 
de la Laguna de Fúquene, motivaron la perforación 
en la parte más profunda de ésta con el propósito de 
obtener una secuencia sedimentaria suficientemen-
te larga que permitiera documentar ciclos glaciares-
interglaciares completos. Se extrajeron dos núcleos 
paralelos, Fúquene 9 y 10 (Fq-9 y Fq-10) cada uno 
con aproximadamente 60 metros de sedimentos. 
Las secuencias sedimentarias se integraron en un 
registro único compuesto denominado Fq-9C. En 
esta tesis se presentan los resultados de la parte más 
profunda del núcleo, parte superior son el estudio 
de la tesis de Groot. Los sedimentos fueron analiza-
dos centímetro a centímetro empleando diferentes 
“proxies”. Se estudió el espectro polínico y conte-
nido de materia orgánica (medido mediante el mé-
todo de pérdidas-por-ignición LOI) como proxies 
bióticos, mientras los proxies abióticos incluyeron 
los análisis litológico, granulométrico y las varia-
ciones en la composición química de los sedimen-
tos. Los principales objetivos de esta tesis fueron: 
reconstruir a una alta resolución temporal el cambio 
climático en la parte norte de los Andes durante la 
última parte del Pleistoceno, comparar las condi-
ciones ambientales en la Cuenca de Fúquene con 
otros cambios climáticos reconstruidos, y determi-
nar la importancia global del registro Fq-9C para la 
identificación del cambio climático.

En el Capítulo 2 usamos los dos núcleos de sedi-
mentos de 60 m Fq-9 y Fq-10 para construir el regis-
tro compuesto Fq-9C. Primero usamos los cambios 
en la litología para correlacionar los dos registros. 
La correlación fue aún mejorada mediante el em-
pleo de los registros de alta resolución de Hierro 

(Fe) y Zirconio (Zr) medidos mediante la técnica de 
Fluorescencia de rayos-X (XRF). La calidad de los 
sedimentos del núcleo Fq-9 sugirió tomarlo como 
registro guía, en consecuencia solo algunos interva-
los del registro Fq-10 se emplearon para completar 
la secuencia de Fq-9 que presentaban una baja ca-
lidad o faltaban. Inconsistencias en las dataciones 
radiométricas de  C motivó la búsqueda de métodos 
alternativos para proporcionar un modelo de edad 
acertado. Usamos el análisis de frecuencias en el do-
minio de la profundidad al registro del polen arbóreo 
(AP), y extrajimos las frecuencias principales. Estas 
frecuencias se compararon con los potenciales con-
troladores del clima y se identificó el principal con-
trolador de la señal encontrada. La señal filtrada más 
dominante de Fúquene finalmente se correlacionó 
con la correspondiente señal presente en el registro 
compuesto béntico de δ18O marino LR04 de Lisiec-
ki & Raymo (2005). El registro del polen arbóreo 
es un reflejo de la temperatura media anual (MAT). 
Los ciclos de ~22,6 m y ~9 m fueron dominantes en 
Fq-9C y se correlacionan respectivamente con los 
ciclos de excentricidad (~100000 años) y oblicuidad 
(~41000 años). La correlación directa entre la señal 
filtrada de ~9 m en Fq-9C y el componente filtra-
do de la oblicuidad en el registro LR04 señala que 
Fq-9C contiene sedimentos acumulados durante el 
periodo desde 284000 hasta 27000 años antes del 
presente (284-27 ka). La resolución temporal del re-
gistro de Fúquene es de ~60 años por cm. En conse-
cuencia los registros de los diferentes proxy de Fq-
9C documentan cambios en la Cuenca de Fúquene 
durante periodos glaciares e interglaciares asociados 
con los Estadiales Marinos Isotópicos (MIS) 8 al 3. 
La integración al registro Fq-9C del registro de baja 
resolución Fq-2 completa al primero hasta el presen-
te. El nuevo registro compuesto llamado Fq-BC, por 
tanto, documenta el cambio climático en la Cuenca 
de Fúquene durante los últimos 284000 años repre-
sentando los MIS 8 al 1. Los resultados de los ejerci-
cios de modelación climática transitoria indican que 
los cambios en el volumen del hielo global y parti-
cularmente cambios en los gases de efecto inverna-
dero también son agentes controladores importantes 
que explican las variaciones en la MAT en la región. 
El análisis de frecuencias del registro del AP en el 
dominio del tiempo muestra igualmente que la va-
riabilidad en  la MAT, ocurrió a escalas temporales 
de milenios y centurias.

En el Capítulo 3 se presentan los resultados del aná-
lisis polínico correspondiente al periodo 130000-
284000 años antes del presente. Basados en el po-
len, esporas y algas de 15 taxa seleccionados como 
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indicadores de la vegetación acuática local los cam-
bios en el nivel de la laguna se reconstruyeron. Un 
análisis restringidamente estratificado tipo “cluster” 
(CONISS) del registro Fq-9C diferenció 11 perio-
dos principales (zonas de polen) con condiciones 
ambientales locales características. La integración 
de los cambios en la vegetación acuática, la granu-
lometría de los sedimentos y el contenido de ma-
teria orgánica permitió reconocer cinco ambientes 
de depósito en la cuenca los cuales reflejan cambios 
en la cobertura vegetal local, cambios en la energía 
de transporte y acumulación de los sedimentos, y 
en la producción de biomasa. En total 63 subzonas 
con una duración promedio de 2300 años se iden-
tificaron. Periodos con abundante vegetación de 
pantano y de orilla, correlacionada con una elevada 
acumulación de materia orgánica y de sedimentos 
finos, reflejan ambientes de baja energía y un lago 
pequeño. Los periodos con abundante vegetación de 
aguas someras correlacionados con baja producción 
de materia orgánica y considerable acumulación de 
sedimentos finos a gruesos, caracterizan ambientes 
más dinámicos dentro de un lago de tamaño inter-
medio. Periodos con abundante vegetación de aguas 
someras y sumergidas se asocian con bajo conteni-
do de materia orgánica e importante acumulación 
de sedimentos finos reflejando una laguna extensa 
y relativamente profunda. Durante las condiciones 
glaciares del MIS 8 la Laguna de Fúquene mantuvo 
la mayor parte del tiempo un tamaño intermedio. En 
tanto que en el glacial MIS 6 condiciones de pantano 
prevalecieron indicando que el tamaño del lago fue 
mayoritariamente más pequeño; momentos donde la 
laguna alcanzó tamaños intermedios o extensos fue-
ron raros. Durante el interglaciar MIS 7 el ambiente 
pantanoso prevaleció sugiriendo que la laguna man-
tuvo un tamaño pequeño.

La reconstrucción de los cambios en la vegetación 
regional se basó en 51 taxa cuyas condiciones eco-
lógicas han sido comparadas y definidas con estu-
dios previos. Estos taxa identifican los siguientes 
biomas; bosque Subandino, bosque Andino, vege-
tación de subpáramo, vegetación de páramo de gra-
míneas y vegetación propia de condiciones secas. 
Los cambios en estos grupos ecológicos a lo largo 
del periodo analizado son interpretados como el re-
flejo de migraciones latitudinales de dichos biomas 
controlados por variaciones en la MAT. El análisis 
CONISS reconoció 10 periodos principales. Sobre 
la base de un análisis muy detallado de las variacio-
nes en el espectro polínico de la vegetación regional 
se diferenciaron 52 periodos (subzonas), que refle-
jan la ocurrencia de ciclos de condiciones estadiales 

e interestadiales. La identificación final de dichos 
periodos estadial-interestadiales se hizo mediante 
el uso de la señal “CLEAN” (95% de confidencia) 
del registro de AP. Seis interestadiales ocurrieron 
durante el MIS 8 y 20 durante el periodo corres-
pondiente a los MIS 7-6. Los interestadiales en el 
registro Fq-9C corresponden a cambios rápidos en 
las proporciones de AP con amplitudes ≥ 15%. Las 
migraciones de ascenso de la UFL estuvieron prin-
cipalmente lideradas por Alnus, Myrica y Quercus 
o eventualmente por Myrica, Weinmannia, Quer-
cus, y Miconia. En los periodos estadiales la vege-
tación regional a la altitud de la laguna se compuso 
de taxa propios de subpáramo y páramo de gramí-
neas, principalmente de las familias Asteraceae y 
Poaceae. Los calentamientos abruptos durante las 
transiciones estadial a interestadial duraron ~330 
años en promedio, mientras los enfriamientos pro-
gresivos  ocurrieron a lo largo de 1000 a 3500 años. 
Sobre la base de la reconstrucción de la UFL y el 
uso de una tasa de cambio de 0,65 °C/100 m asocia-
do con los desplazamientos verticales de la vegeta-
ción, las variaciones en la MAT fueron reconstrui-
das. Las MAT variaron entre 7 y 10 °C durante los 
calentamientos abruptos de estadial a interestadial. 
Las temperaturas correspondientes a los estadiales 
del MIS 8 fueron más frías que las correspondientes 
a los respectivos del MIS 6. Las temperaturas más 
bajas, cercanas a 6 °C, caracterizaron los estadiales 
del MIS 8. Las temperaturas más altas (aproxima-
damente 15,5 °C) se alcanzaron durante las fases 
más cálidas del MIS 7.5 y MIS 7.3. Los interesta-
diales ocurridos durante el MIS 6 (≥11,5 °C en pro-
medio) fueron más cálidos que aquellos correspon-
dientes al MIS 8 (≤ 11,5 °C en promedio). Análisis 
de frecuencias en el dominio del tiempo (95% de 
confidencia) del registro del AP y la vegetación de 
aguas abiertas indican que el clima y las variacio-
nes en la laguna ocurrieron a escalas de tiempo de 
milenios. Periodicidades de 1500 años reflejan ci-
clos estadiales-interestadiales comparables con los 
ciclos Dansgaard-Oeschger (DO) de carácter global 
identificados para el periodo correspondiente a los 
últimos 120000 años. Puesto que el reconocimiento 
de la ocurrencia de ciclos estadiales-interestadiales 
anteriores a 133000 años se ha documentado en re-
gistros de hielo de la Antárctica, registros de sedi-
mentos marinos del Mediterráneo y espeleotemas 
de China se muestra que estos eventos de escala 
temporal de milenios tiene un carácter global.

En el Capítulo 4 los modelos de edad de los regis-
tro de polen anteriormente publicados tales como 
Fq-2, Fq-7C y Fq-3 fueron revisados y mejorados. 
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Los modelos de edad se corrigieron usando las fe-
chas radiométricas de 14C originales, correlaciones 
bioestratigráficas y el análisis de frecuencias de los 
registros de AP en el dominio de la profundidad. 
Subsecuentemente los cambios en la vegetación y 
el cambio climático inferidos de estos registros se 
compararon con el registro Fq-9C. Todos los regis-
tros comparten ciclos sedimentarios similares indi-
cando un controlador común. Ciclos dominantes en 
el dominio de la profundidad  se correlacionan  con 
la influencia de la oblicuidad o su segundo compo-
nente. Basados en los modelos de edad corregidos 
los registros polínicos se compararon para el periodo 
hasta 134000 años atrás. Ellos documentan un desa-
rrollo de la vegetación regional y cambio en el clima 
común, resaltando que un solo registro polínico de 
una cuenca puede proveer efectivamente un registro 
regional representativo. Las cinco cronozonas reco-
nocidas corresponden bien con los MIS 5 al 1. Dife-
rencias menores entre estos registros polínicos pue-
den obedecer a cambios locales en la vegetación y a 
la ocurrencia de intervalos perdidos en el registro de 
sedimentos en los sectores periféricos de la laguna.

Las comparaciones entre la reconstrucción de la 
MAT correspondiente al registro Fq-BC y recons-
trucciones paleoclimáticas deducidas de registros 
marinos bénticos, y núcleos de hielo de Antárctica 
para los últimos 284000 años indican que la variabi-
lidad climática en el norte de los Andes refleja una 
respuesta al cambio climático global. Los principa-
les controladores del cambio climático en la región 
están igualmente asociados con la excentricidad y la 
oblicuidad, los cambios en el volumen global de hie-
lo y la concentración de gases de efecto invernade-
ro. Las terminaciones glaciales I, II y III en Fq-BC 
siguen los patrones identificados en registros de alta 
resolución de núcleos marinos y de hielo al igual que 
de algunos registros polínicos continentales. El au-
mento de la temperatura en dos fases característico 
de la Terminación I conocida en Europa como tran-
sición Bølling-Allerød/Younger Dryas, corresponde 
perfectamente con la transición Susacá-Guantiva/El 
Abra identificada para Colombia. El registro Fq-BC 
igualmente muestra el mismo tipo de transición re-
conocida para la Terminación III y más aún muestra 
la ocurrencia de una transición similar para la Ter-
minación II aunque más sutil, la cual solo ha sido 
identificada en algunos registros de δ18O marinos. 
La reconstrucción de las MAT a lo largo del registro 
Fq-BC muestra la ocurrencia de variaciones climá-
ticas en escalas de milenios y centurias. Durante el 
primer ciclo climático (MIS 5 al 2), periodicidad, 
forma, y duración de las oscilaciones climáticas 

coinciden con la mayoría de los ciclos DO. De es-
tos los ciclos DO: 1, 8, 12, 14, 19, 20, 26, 27 y 28 
son claramente reconocibles en Fq-BC y se pueden 
entender como los homólogos terrestres en el norte 
de los Andes. Antes de 133000 años el número de 
ciclos de tipo DO varía según la localidad. Para el 
segundo ciclo climático (MIS 7 -6) Fq-BC muestra 
20 ciclos de este tipo, mientras para el MIS 8 (última 
parte del tercer ciclo climático) se registran 6 ciclos. 
Características como la periodicidad y la duración 
de estos ciclos se asemejan a las propias de los ci-
clos DO de los últimos 120000 años.

En el Capítulo 5 los cambios en la abundancia 
de los elementos químicos en el registro Fq-9C se 
analizaron e interpretaron. Las relaciones entre los 
espectros de la geoquímica, la granulometría y el 
polen fueron explorados lo cual permitió presentar 
una reconstrucción integrada  del cambio ambien-
tal. Doce elementos medidos mediante la técnica 
XRF fueron escogidos para estudiar las relaciones 
entre las fuentes (formaciones geológicas) y las 
condiciones de acumulación de sedimentos de la 
cuenca. La ordenación de las variables mediante el 
análisis de componentes principales (PCA) fue útil 
para identificar los principales procesos operando. 
Así, los elementos Aluminio (Al), Silicio (Si), y 
Potasio (K) se han acumulado casi continuamente. 
Las áreas fuentes en la cuenca estuvieron conti-
nuamente conectadas por trasporte fluvial hacia el 
cuerpo de la laguna. El registro de Zr relacionado 
con la cuarcita refleja la intensidad en la meteori-
zación física. Los registros de Calcio (Ca), Estron-
cio (Sr), Hierro (Fe), Azufre (S), Zinc (Zn) y Cloro 
(Cl) indican el transporte de sedimentos desde las 
formaciones calcáreas y de esquistos y en particu-
lar la meteorización química relacionada con  con-
diciones anóxicas en la laguna. El PCA realizado 
integrando las variables polen local y regional, la 
granulometría, la acumulación de materia orgánica 
y la geoquímica de los sedimentos muestran la in-
fluencia  del cambio climático en la composición de 
los sedimentos, su trasporte y finalmente en su acu-
mulación en la cuenca. Seis paleoambientes fueron 
reconocidos los cuales permitieron reconstruir la 
historia en el ambiente sedimentario. En general la 
precipitación de elementos sensibles a las variacio-
nes redox como Fe y S se correlacionan con una 
alta acumulación de materia orgánica en ambientes 
pantanosos durante épocas interglaciares o interes-
tadiales. El trasporte intensificado y la acumulación 
de Zr y Si, la presencia de limos gruesos y arenas 
está asociado con periodos en los cuales la vegeta-
ción de aguas someras y sumergida fue abundante 
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apuntando hacia condiciones climáticas húmedas. 
Estas condiciones se relacionan principalmente con 
periodos glaciares y estadiales.

En el Capítulo 6 los resultados de los capítulos pre-
vios son sintetizados, los avances en la paleoecolo-
gía en el norte de los Andes se discuten, y además 
se presentan algunas sugerencias para el desarrollo 
de investigaciones relacionadas futuras.
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1. Sediments as paleoarchives of environ-
mental and climate change

M easurements of temperature, precipitation, 
and humidity among other variables over 

a period of thirty years characterize and define the 
climate of a region. Since many factors influence 
climate, such as latitude, altitude, solar activity, at-
mospheric composition, and even human activities, 
this can be understood as a dynamic system that 
continuously changes in time and space. In general 
the coupled ocean-atmosphere interactions play a 
key role in modulating climate at different time sca-
les. Independent of the causes of climate change, 
such as astronomical forcing, solar forcing, internal 
forcing by system earth, and anthropogenic forcing 
by human activities, any variation in climate causes 
alterations in ecosystems structure and functioning. 
Thus, past reorganizations of ecosystems reflect 
their response to a dynamic climate of the past. By 
identifying those changes in the sedimentary record 
past climate change can be reconstructed.

Paleoclimate reconstructions have shown that cli-
mate change follows characteristic cyclic patterns. 
Paleoclimate research has identified climate oscilla-
tions at orbital (105-106 years) and suborbital time 
scales (101 -104 years). Among long term climate 
changes associated to global ice volume variations, 
glacial-interglacial cycles are well known from 
marine sediment sequences. More than 90 of tho-
se cycles, building the marine isotope stratigraphy 
have influenced global climate during the last 5.3 
million years (Lisiecki and Raymo, 2005). At su-
borbital time-scales the Heinrich events (HE), asso-
ciated with massive and periodic (~7 kyr) discharge 
of rock debris to the Atlantic Ocean by armadas of 
icebergs, have been documented in high resolution 
records from the North Atlantic and influenced cli-
mate during the last glacial (Bond and Lotti, 1995). 
Paleoclimatic records from the Greenland ice sheet, 
such as GRIP, GISP and NGRIP (Dansgaard et al., 
1993, Grootes et al., 1993; NGRIP project members, 
2004) have also documented abrupt and rapid cli-
mate change during the last 120000 years (120 ka). 
The identified stadial-interstadial climate oscilla-
tions currently named Dansgaard-Oeschger cycles 
(DO-cycles) show a recurrence of ~1500 years (1.5 
kyr) and are characterized by a rapid warming of ~7 
°C within a few decades (interstadial) followed by 
gradual cooling over several hundred of years (sta-
dial). The impact of DO cycles and HEs on climate 
has been identified at different latitudes suggesting 

their global signature (Leuschner and Sirocko, 2000, 
Hessler et al., 2010). At the interannual to decadal 
band of periodicities, El Niño-Southern Oscillations 
has been documented affecting climate in the tropics 
during the last 15 ka and particularly the last centu-
ries (Latif and Barnett, 1994; Rodbell et al., 1999). 
Identification of past climate change and understan-
ding operating mechanisms is fundamental to un-
derstand the present setting of climatic conditions 
and for predictions of future climate change. Com-
prehension of past climate change will help to sepa-
rate between operating forces and mechanisms and 
particularly to understand potential contributions of 
natural and human induced climate change.

For the period beyond instrumental measurements 
time series of climate change are lacking. However, 
climatic and environmental change has left many 
signals in the sedimentary archive. Analyzing and 
interpreting these proxies is the domain of paleoeco-
logy and paleoceanography. Most common are the 
archives in terrestrial sediments, marine sediments, 
ice cores, and speleothems. These archives contain 
both macroscopic and microscopic fossils, inorga-
nic and organic materials that constitute proxy re-
cords, i.e. informative signals of past variations in 
the local and regional environment from which cli-
mate change and/or human impact can be inferred 
(Bradley, 1985; Smol et al., 2001). Paleoclimatic 
proxy records are informative of past conditions, 
but depending on the source, length of the record, 
and the resolution of the analysis proxies offer in-
formation on particular aspects. Variations between 
proxy-records, therefore, may be associated with 
the spatial variety on local to global scales, the pe-
riod that is recorded and the level of resolution in 
which the changes and processes are documented 
(101 to 107 years).

2. Lake Fúquene as a sensor of climate 
change in the Northern Andes

On the continents lakes serve as sensors and recor-
ders of the changes that occurred through time in the 
basin and the surroundings (Robinson et al., 1993; 
O’ Sullivan and Reynolds, 2005). Lakes located in 
areas close to sharp ecotones are more sensitive to 
register past changes (Peteet, 2000). Therefore, the 
identified local and regional vegetation changes 
may be directly understood as a response to climate 
variation. Many pollen-based records from diffe-
rent latitudes have permitted to establish relations-
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hips between events occurred in continents and va-
riations in global ice volume identified in ocean and 
ice sheet records. Those pollen records have shown 
changes in vegetation composition, a reflection of 
both the global glacial-interglacial cycles and the 
superposed stadial-interstadial climate variability 
(i.e. Wijmstra 1969; Allen and Huntley, 2000).

The tropical Lake Fúquene located in an intramon-
tane basin of the Eastern Cordillera of Colombia at 
5°28’N and 73°45’W at 2540 m elevation is well 
known for its thick sequence of Pleistocene sedi-
ments and its sensitivity to record past environmen-
tal and climatic change. Considering the current 
regional vegetation distribution and the altitude of 
the lake, it is evident that Lake Fúquene is situated 
close to the Upper Forest Line (UFL), an ecotone 
that currently lies at 3200 m. The UFL marks the 
altitudinal limit between the Andean forest and the 
open treeless páramo vegetation. Since this ecotone 
coincides with the ~9.5 °C mean annual temperatu-
re (MAT) reconstructing its altitudinal migrations is 
instrumental to develop a record of past temperatu-
re change. Calculation of the ratio between arboreal 
pollen and non-arboreal pollen is used to deduce 
past altitudinal UFL migrations in pollen records 
from the Northern Andes. Using a temperature gra-
dient of 0.65 °C per 100 m altitudinal vegetation 
displacement paleotemperatures can be determi-
ned for every altitudinal level (Van der Hammen, 
1974; Hooghiemstra, 1984; Wille et al., 2001). On 
the basis of previous paleoecological studies in the 
Northern Andes, it can be concluded that Lake Fú-
quene is located halfway the maximum amplitude 
of the UFL during a glacial-interglacial cycle, i.e. 
at ~3500 m during warmest interglacial conditions 
and at ~2000 m during the coldest glacial condi-
tions. Therefore, this sediment archive is remarka-
bly sensitive of even small changes in climatic con-
ditions at millennial time-scales.

During more than four decades sediments of the 
shallow lake basin of Fúquene have been analy-
zed for paleoecological purposes. Previous po-
llen analyses show the development of the basin 
influenced by climate change. Pollen records do-
cumented regional changes associated to glacial-
interglacial cycles as well as the occurrence of 
short term stadial-interstadial climate oscillations 
influencing tropical montane ecosystems (Van 
Geel and Van der Hammen, 1973; Mommersteeg, 
1998; Van der Hammen and Hooghiemstra, 2003). 
However, all these previous cores were taken from 
the margin of the lake, pollen analyses were per-

formed at low sampling resolution, and radiocar-
bon dating was insufficient. Current interests in 
paleoecology focus on records of climate change, 
concurrent changing forest associations, and esti-
mates of the speed of change. The possibility of 
gaps in the sediment record is larger at the borders 
of the lake than in the centre and a strategically 
chosen core location may improve the quality of 
the record substantially.

The potential of palynological analysis of lacustrine 
sediments to infer climate change at submillennial 
time scales has maintained the international interest, 
for lakes located in the tropics in particular. In or-
der to provide meaningful past climate information, 
new palynological projects of lakes must ensure a 
robust chronology, present proxy analysis at high 
temporal resolution, and if possible include other 
proxies (Colman, 1996). Only in that way con-
tinental paleoclimate records can result in more 
precise land-sea-ice correlations and allow to im-
prove the understanding about climate change. 
An independent and absolute chronology for new 
continental paleorecords avoids circular reaso-
ning which may be introduced when chronologies 
depend too much on visual matching of climate 
records. Independent chronology allows more re-
liable intersite correlations. High temporal resolu-
tion analysis permits to identify abrupt and rapid 
climate changes at submillennial to decadal sca-
les. The use of different proxies permits to analyze 
and correlate changes of different components of 
the basin system that are operating simultaneously. 
Such parallel time series show responses of terres-
trial ecosystems to variations in the hydrological 
system, and changes of the landscape caused by 
climate change or human impact.

In previous studies Lake Fúquene provided pro-
mising records showing changing ecosystems and 
climate change and this motivated to revisit the se-
dimentary archives of this lake to improve the qua-
lity of the records substantially. A ‘new generation’ 
project was developed and the present thesis makes 
part of it. In this project the deepest part of the lake 
was explored to collect a sediment core with poten-
tially minimum disturbance. It was aimed to collect 
a core long enough to encompass the complete last 
interglacial-glacial cycle. However, during the pro-
ject it became clear that the 60 m cores reflect two 
interglacial-glacial cycles. The discrepancy bet-
ween originally expected age and the reconstructed 
age of the sediments at 60 m core depth followed 
from a wrong age model of the Fúquene-3 record 
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(Van der Hammen and Hooghiemstra, 2003) as ex-
plained in Chapter 4 of this thesis. Two parallel 60 
m deep cores Fq-9 and Fq-10 were drilled and for-
med the basis of the present study.

3. Aim of this study

This thesis focus on the interglacial-glacial cycle 
before the Eemian interglacial, thus reflecting ma-
rine isotope stages 7 and 6. The last interglacial-
glacial cycle, reflecting marine isotope stages 5 to 
2, is presented in the thesis of M. Groot. We analy-
zed the sediments of the composite core Fq-9C at 
1-cm intervals for the following proxies: pollen, 
grain size distributions, organic matter content, and 
geochemical composition of the sediments. The ob-
jectives formulated in this thesis were:

1.  To improve the temporal resolution with an or-
der of magnitude 

2.  To obtain a robust age model for the composite 
Fq-9C record that allows establishing paleocli-
mate comparisons with marine sediment and ice 
core records. 

3.  To reconstruct downcore changes in grain size 
distributions and changes in the local vegetation 
to evaluate how the biotic and abiotic evolution 
in the basin in terms of source of sediments, 
energetic conditions for sediment transport, and 
lake size/level fluctuations were related.

4.  To reconstruct past vegetation change in the 
study area considered representative of the nor-
thern Andes, and to infer climate change at orbi-
tal, millennial, and submillennial time-scales.

5.  To compare climate change in the northern An-
des at submillennial time-scales with records of 
climate change from Greenland and Antarctic ice 
records, and from marine sediment records loca-
ted near the Iberian margin.

6.  To compare the pollen records from Lake Fú-
quene and to assess how representative they are 
in documenting the evolution of the basin in 
terms of paleovegetation and paleoclimate.

7.  To establish environmental change based on 
variations in geochemical composition of sedi-
ments, to relate sediment components to geo-
logical sediment sources, and to integrate the 
abiotic basin dynamic with the changing vege-
tation cover in the basin.

The results are presented in chapters 2 to 5 of this 
thesis. Chapter 2 presents the age model for the 
Fq-9C record which is based on a new approach in 
the study of long continental Quaternary records, 
and highlights the sensitivity of the Andean ecosys-
tems in recording abrupt temperature change. Co-
rrelation with records from marine sediments and 
Greenland and Antarctic ice cores, and implica-
tion of the role of atmospheric CO2 concentrations 
in climate change is shown. Chapter 3 shows the 
evolution of vegetation and climate representative 
for the northern Andes, during the period from 284 
to 133 ka. In Chapter 4 previously published po-
llen records from the Fúquene Basin are re-visited. 
Records are re-calculated and uniformly presented 
on linear time scale. We showed and discussed how 
representative a single pollen record from Lake Fú-
quene is. Chapter 5 shows the potential of using 
changing proportions of geochemical elements to 
reconstruct the abiotic evolution of the drainage ba-
sin. We showed relationships between source, i.e. 
the rock formations in the drainage basin, and sink, 
i.e. the sediment archive in the lake. This chapter 
provides an integrated reconstruction of the evolu-
tion of the basin with focus on changes in regio-
nal and local vegetation, grain size classes of the 
sediments, geochemical composition, and organic 
matter accumulation. Chapter 6 presents a general 
synthesis of results.
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Abstract

H ere we developed a composite pollen-ba-
sed record of altitudinal vegetation changes 
from Lake Fúquene (5°N) in Colombia at 

2540 m elevation. We quantitatively calibrated Ar-
boreal Pollen percentages (AP%) into mean annual 
temperature (MAT) changes with an unprecedented 
~60-year resolution over the past 284000 years. An 
age model for the AP% record was constructed using 
frequency analysis in the depth domain and tuning of 
the distinct obliquity-related variations to the latest 
marine oxygen isotope stacked record. The recons-
tructed MAT record largely concurs with the ~100 

and 41-kyr (obliquity) paced glacial cycles and is 
superimposed by extreme changes of up to 7 to 10° 
Celsius within a few hundred of years at the major 
glacial terminations and during marine isotope sta-
ge 3, suggesting an unprecedented North Atlantic - 
equatorial link. Using intermediate complexity tran-
sient climate modelling experiments we demonstrate 
that ice volume and greenhouse gasses are the ma-
jor forcing agents causing the orbital-related MAT 
changes, while direct precession-induced insolation 
changes had no significant impact on the high moun-
tain vegetation during the last two glacial cycles.
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1. Introduction

L ong, high-resolution records of climate 
change are mainly inferred from ice cores 
of the ice cores of Greenland and Antarc-

tica (GRIP-Members, 1993; Grootes et al., 1993; 
Jouzel et al., 2007; NGRIP-Members, 2004; Pa-
rrenin et al., 2007; Svensson et al., 2008), marine 
sediments (Bond et al., 1993; Martrat et al., 2007; 
Peterson et al., 2000), and speleothems (Cheng 
et al., 2009; Wang et al., 2008). High altitude re-
gions in the tropics, on the other hand, appear to 
be particularly sensitive to current climate changes 
(Thompson et al., 2003; Urrutia and Vuille, 2009) 
and are therefore ideally suited to investigate the 
environmental response (i.e. glaciations, hydro-
logy and ecosystem integrity) to greenhouse gas 
forcing and glacial-induced ice volume variations 
rather than their surrounding lowlands. These high 
altitude tropical settings lack, however, the neces-
sary high-resolution and accurate records to fully 
explore the operating mechanisms of the Earth’s 
climate system over longer periods of time.

Sediment sequences from the deep Colombian ba-
sins have shown to present a complete Pleistocene 
archive of montane vegetation changes (Hooghiems-
tra, 1984; Mommersteeg, 1998; Torres et al., 2005; 
Van der Hammen, 1974; Van der Hammen and Gon-
zález, 1960; Van Geel and Van der Hammen, 1973; 
Wille et al., 2001). In particular, sediment records 
from Lake Fúquene in the Eastern Cordillera of Co-
lombia (5°28’N, 73°45’W, 2540 m) have revealed 
detailed altitudinal vegetation distribution patterns 
since the last glacial maximum (LGM) (Van der Ha-
mmen, 1974; Boom et al., 2002; Hooghiemstra and 
Van der Hammen, 2004). For a wider perspective on 
South American past climate variability at shorter 
time scales as the record presented here, we refer 
to Wright Jr. et al. (1993), Markgraf (2001) and Vi-
meux et al. (2009). Here we elaborate on the pre-
vious paleoecological investigations of Lake Fúque-
ne by establishing an ultra-high resolution (i.e. ~60 
year between 4646 time slices) pollen-based record 
of climate change to resolve the orbital and sub-Mi-
lankovitch mean annual temperature variations in 
the northern Andes over the past 284,000 years. In 
addition, using the separate forcings of orbitally in-
duced insolation, greenhouse gas and Northern He-
misphere ice-sheet variations (e.g., Yoshimori et al., 
2001, Timmermann et al., 2009), we have carried 
out three transient climate modelling experiments to 
unravel the cause(s) of the reconstructed MAT chan-
ges during the last two glacial cycles.

2. Material and methods

2.1 Climate setting of Lake Fúquene

The modern precipitation regime at Lake Fúquene 
(Fig. 1) is controlled by the annual migration of the 
inter tropical convergence zone (ITCZ) causing two 
dry seasons (December to February and from June 
to August) and two rainy seasons (March to May 
and from September to November). The seasonal 
temperature cycle is very weak with mean monthly 
temperatures of ~13.5 ± 0.5ºC. The daily tempera-
ture range is large and during the dry season night 
frost may occur (Van Geel and Van der Hammen, 
1973). At present the lake lies within the Andean 
forest belt (Fig. 2). The upper boundary of this belt 
or upper forest line (UFL) coincides approximately 
with the 9.5 °C mean annual isotherm, while the 
lower boundary is at an elevation where night frost 
no longer occurs (Hooghiemstra, 1984; Van der 
Hammen, 1974; Van der Hammen and González, 
1960). During glacial conditions, lower temperatu-
res cause a descent in altitudinal position of indi-
vidual plant taxa (Hooghiemstra, 1984; Van 't Veer 
and Hooghiemstra, 2000; Van 't Veer et al., 1995; 
Van der Hammen, 1974; Van der Hammen and 
González, 1960; Wille et al., 2001).

2.2 Sediment cores

Ten meters apart, two ~60 m long sediment cores, 
Fúquene-9 (Fq-9) and Fúquene-10 (Fq-10) were 
retrieved from Lake Fúquene, using a floating pla-
tform with Longyear drilling equipment of Gavesa 
Drilling Co. Bogotá. Consolidated sediments were 
first approached at c. 6 m below the water surface. 
Sediments were retrieved in segments of 100 cm 
length with a diameter of 75 mm. Core samples at 
the two drilling sites were collected with 50 cm 
overlapping depth intervals to maximize sediment 
recovery (see Table 1 in Appendix). Undisturbed 
sediments in pvc-tubes were directly transpor-
ted by air freight to The Netherlands for further 
treatment. The fresh sediment surface was photo-
graphed in a standardized photographic room. The 
two cores were transported to the NIOZ labora-
tory (Texel, The Netherlands) to obtain along the 
full length of both cores XRF-based geochemical 
data. Subsequently the cores were transported to 
the University of Amsterdam for collecting >5000 
samples at 1 cm increments for pollen and grain 
size analysis. Grain size analysis was carried out 
at the Vrije Universiteit Amsterdam.
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Fig. 2. Distribution pattern of source areas of pollen taxa during full glacial conditions and modern (interglacial) ti-
mes. After Van der Hammen (1974) with additions after Wille et al. (2001).

Fig. 1. Current annual mean sea surface temperature (SST) (Locarnini et al., 2006) and generalized position of the inter 
tropical convergence zone (ITCZ) during March and September. Location of sites: Lake Fúquene (5°28’N, 73°45’W; 
2540 m above sea-level, Colombia), TR163-19 (2°15.5’N, 90°57.1’W; 2348 m water depth, equatorial Pacific) (Lea et 
al., 2000), MD03-2622 (10°42.69′N, 65°10.15′W; 877 m water depth, Cariaco Basin) (González et al., 2008), Brazi-
lian speleothem (10°10’S, 40°50’W; 500 m above sea level) (Wang et al., 2004), and Bolivian Altiplano (20°14.97’S, 
67°30.03’W; 3653 m above sea-level) (Baker et al., 2001). Colours on land represent elevation above sea-level.
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2.3 XRF analysis

Bulk chemistry was measured with an Avaatech X-
ray fluorescence (XRF) core scanner at the Royal 
Netherlands Institute for Sea Research (NIOZ). The 
XRF core cortex-scanner counts the number of the 
chemical elements aluminum (Al, atomic number 
13) to bismuth (Bi, atomic number 83) per second 
(cps) directly at the surface of a split sediment core, 
a measurement which is proportional to chemical 
concentrations (Jansen et al., 1998). Prior to the 
measurement, the split core surface was smoothed 
horizontally without contaminating sediment sur-
face. Subsequently the surface was covered with a 
4 µm thin SPEXCerti Prep Ultralene foil to avoid 
contamination of the X-ray unit during measure-
ment and to avoid desiccation of the sediment. Air 
bubbles under the foil were carefully removed. 
Measurements were carried out at 1 cm increments 
along the full length of the 60 m long cores. We 
used generator settings of 10 kV and 30 kV and 
measurement time was 30 s per cm. The standard 
procedure included a control measurement with a 
standard after every 1 m core interval. Further tech-
nical and practical details about the XRF core scan-
ner were described in Richter et al. (2006).

2.4 Composite section (Fq-9C)

Cores Fq-9 and Fq-10 were used to build a com-
posite record with a minimal number of gaps in 
the sedimentary sequence. Down core changes in 
the lithology represent the first information for this 
exercise. Distinct and repetitive layers with peat 
and intervals with higher concentrations of aeolian 
dispersed fine grained volcanic ash allowed an ade-
quate first correlation between cores. Subsequently, 
we used records of Fe and Zr obtained by X-ray 
fluorescence at 1 cm distance over the full length 
of both cores to fine tune the correlation. Selec-
tion of iron (Fe) and zircon (Zn) out of the suite of 
measured elements is justified by their physical and 
chemical properties. During XRF measurements 
heavier elements (Fe and Zr) remained relatively 
unaffected by the variation of physical properties 
along the core. In addition, Fe and Zr content may 
be indicative of variations in source areas and/or 
variations in sedimentary environments. It is to be 
expected that changes in both variables coincide 
simultaneously within the two parallel cores. For 
instance, Fe supply to the Fúquene basin may be 
associated with airborne volcanic ash. Ash layers 
have a distinct yellow color due to neo-formed 

siderite (FeCO3) (Sarmiento et al., 2008). The Fe 
content may also be influenced by changes in the 
redox state of the water column as well as the se-
diment columns (Davidson, 1993). The latter may 
be associated with lake level changes which cause 
alternations between submersed lacustrine environ-
ments to shallow swampy conditions, and even to a 
drained status of the lake. Zircon is a conservative 
element and relatively resistant to chemical weathe-
ring processes (Balan et al., 2001). Zircon is found 
as detrital grains in igneous, metamorphic, and se-
dimentary rocks. The zircon content is positively 
correlated with weight percent of coarse silt plus 
sand (Alfonso et al., 2006; Nyakairu and Koeberl, 
2002; Stiles et al., 2003). Therefore, Zr may reflect 
high energetic sedimentary environments mostly 
coinciding with a proximal sediment source in rela-
tion to the drilling location of the cores.

Core Fq-9 had the least technical drilling artifacts 
and was therefore used as the backbone for our stu-
dy. This implies that the depth of Fq-10 was adjusted 
so that the patterns of the various proxy records from 
both cores aligned. The procedure was carried out 
as follows: (1) High resolution photographs of the 
freshly split sediment cores and binocular-based li-
thological descriptions (Sarmiento et al., 2008) were 
used to obtain an initial framework of stratigraphic 
correlation. (2) Time series of Fe and Zr content of 
Fq-9 and Fq-10 were visually matched using Analy-
series 1.2 software (Paillard et al., 1996). Tie points 
were preferably chosen at the steepest parts of the 
curves; occasionally maxima or minima were used 
(see Table 2 in Appendix). The matched records 
were compared with the initial stratigraphic fra-
mework. (3) The procedure described in points (1) 
and (2) was repeated until all paired proxy records, 
e.g. Fe, showed comparable variation at any given 
depth. (4) No adjustments, such as squeezing and 
stretching were introduced within core segments. All 
core segments of Fq-10 were depth-shifted and stra-
tigraphically aligned relative to the Fq-9 core seg-
ments. Subsequently, a final Fúquene-9 Composite 
record (labeled Fq-9C) was built where inclusion of 
disturbed intervals and sediment gaps was minimi-
zed (see Table 3 in Appendix ).

The Fq-9C pollen record represents approximately 
90% of the sediment infill of the uppermost 60 m of 
the Fúquene Basin; the remaining 10% reflect small 
coring gaps, inadequate sediment intervals, and not 
analyzed parts due to organizational problems. The 
average lateral offset between stratigraphic layers 
was 52 cm, expressing differences in sedimenta-
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tion rates, erosion, and methane emissions during 
the drilling procedure (Fig. 3). Sediments between 
26 and 21 m contain significant proportions of or-
ganic matter. Interval 22 to 20.8 m reflects com-
pressed peat. This 5 meter of sediments contained 
over pressured methane which escaped from the 
borehole when the corer contacted this reservoir at 
21 m depth. For safety reasons, drilling activities 
were stopped for a full day until sediments dissi-
pated (GAVESA, 2002). The escape of methane 
and subsequent compaction of the peat explains the 
significant shift in the offset between both cores at 
24-26 m (Fig. 3). The lake surface was used as a 
reference. During the 5 weeks long drilling opera-
tion, lake-level changes were noticed after periods 
of heavy rains. As a consequence the offset between 
the zero calibration points of cores Fq-9 and Fq-10 
is estimated offset up to 20 cm.

2.5 Pollen analysis

Pollen samples of 1 cm3 were processed using the 
standard pre-treatment including sodium pyro-
phosphate, acetolysis, and heavy liquid (bromo-
form) separation. We counted pollen and spore taxa 
with known ecological envelopes and a clear res-
ponse to climate change through altitudinal shifts 
(Hooghiemstra, 1984; Mommersteeg, 1998; Torres 
et al., 2005; Van 't Veer and Hooghiemstra, 2000; 
Van der Hammen and González, 1960; Wille et al., 
2001). Pollen types were assigned to the following 
ecological groups: (1) taxa of subandean forest, (2) 
taxa of Andean forest, (3) taxa of subpáramo vege-
tation, (4) taxa of grasspáramo vegetation and (5) 
taxa indicating dry conditions. Down core changes 
in the relative contribution of the pollen types in 
these ecological groups reflect shifts in their alti-
tudinal distribution. Following Van der Hammen 
and González (1960) and Hooghiemstra (1984) the 
measured AP% were used to reconstruct the posi-
tion of UFL along the record. The AP% of Fq-9C 
fluctuates between 2% and 98% with the highest 
values found between 21 and 26 mcd and the lowest 
around 10, 29 and 53 mcd (Fig. 4a). 

2.6 Spectral analysis

Spectral analyses was carried out on the Fq-9C AP% 
record in the depth domain using the CLEAN algo-
rithm (Roberts et al., 1987), the REDFIT program 
(Schulz and Mudelsee, 2002) and a Blackman-Tukey 
power spectrum (Blackman and Tuckey, 1958) to 
identify the possible imprint of orbital signals. The 

CLEAN algorithm was run as a MATLAB routine 
(Heslop and Dekkers, 2002) and is particular ro-
bust in determine the frequency distribution of une-
venly spaced data series and noisy signals (Baisch 
and Bokelmann, 1999; Roberts et al., 1987). The 
CLEAN procedure performs a nonlinear deconvo-
lution in the frequency domain in order to remove 
any artifacts resulting from incomplete sampling in 
the time (depth) domain. It includes a series of Mon-
te Carlo simulations which allow a large number of 
slightly different spectra to be generated for a single 
input signal. The differences between these spec-
tra are utilized to determine a mean spectrum and 
confidence intervals both for individual frequency 
peaks and for the spectrum as a whole. Through 
the use of an Inverse Fourier Transform of the MC-
CLEAN spectrum, the data can be reconstructed in 
the time domain, providing a “noise free” version 
of the input signal. Because of the large number of 
data points and the almost equally spaced sampling 
resolution, we choose to linearly detrend the AP% 
depth series and slightly smooth it with a 5 cm ave-
rage to reduce the number of data points from 4868 
to 1134 before the CLEAN analysis (Fig. 4b). The 
CLEAN spectrum was subsequently determined by 
adding 10% red noise (i.e. control parameter = 0.1), 
a clean/gain factor of 0.1, 500 CLEAN iterations, an 
interpolation step (dt) value of 1 cm and 500 simu-
lation iterations (Fig. 5a).

We evaluated the CLEAN spectral outcome first by 
comparison with a Blackman-Tukey power spec-
trum, which was performed with AnalySeries 2.2 
(Paillard et al., 1996) using 75% of the 5-cm inter-
polated and detrended time series, a Parzen window 
and a Band Width of 0.0087 (Fig. 5b). Secondly, 
we applied the computational spectral analysis pro-
gram, REDFIT version 3.8 (Schulz and Mudelsee, 
2002) on the original (non-smoothed and non-de-
trended) AP% data set. In this model a first-order 
autoregressive process (AR1), which is assumed to 
present a good estimate of the red-noise signature, 
is estimated directly from the (unevenly spaced) 
time series and, subsequently, transferred into the 
frequency domain using the Lomb-Scargel algori-
thm. Confidence levels based on a χ² distribution 
are calculated from the AR1-noise and from percen-
tiles of the Monte Carlo ensemble. For the analysis, 
we applied one Welch Overlapped Segment Avera-
ging (WOSA) segment (n50=1), 2000 Monte Carlo 
simulations (Nsim=2000), and a rectangular window 
(Iwin=0). This resulted in a value of τ of 20.9 with 
2° of freedom (Fig. 5d). Third, we ran the CLEAN 
algorithm again, but in this case, Dave Heslop (per-
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sonal communication, 2009) incorporated the me-
thod of Mudelsee to estimate the AR1 characteris-
tic period of the input data series (Mudelsee, 2002). 
With each iteration step, a new time series is cal-
culated with the same AR1 characteristics and pro-
cessed with CLEAN. These spectra are then used 
to calculate the confidence levels. This approach is 
a little different from before, because the noise is 
not added to the signal, but studied separately. This 
implies that the spectrum for the input data does not 

Fig. 3. Graph of downcore changes in the offset bet-
ween cores Fúquene-9 and Fúquene-10. Black ellipses 
represent the tie points as indicated in Supplementary 
Table 2. Gaps between vertical dotted lines represent 
mineral-rich sediments.

have error bounds, because it remains the same for 
each iteration step. Only the separate noise compo-
nent is changing. The results are plotted in Fig. 5c 
and largely confirm the significance levels of the 
spectral peaks obtained from REDFIT.

2.7 Climate model and experimental set-up

We performed three transient climate modelling 
experiments over the past 284 ka to serve an ex-
planation for the temporal variations in the AP% 
record. For this purpose we used a coupled model 
of intermediate complexity, CLIMBER-2 (version 
3) (Petoukhov et al., 2000), that is very suitable 
for long transient simulations due to its fast turna-
round time (Calov et al., 2005a,b; Claussen et al., 
1999; Tuenter et al., 2005). The model consists of 
an atmosphere model, an ocean/sea-ice model and 
a land/vegetation model. No flux adjustments are 
used. The atmospheric model is a 2.5-dimensional 
statistical-dynamical model with a resolution of 10° 
in latitude and approximately 51° in longitude. The 
vertical resolution for the circulation, temperatu-
re and humidity is 10 levels and for the radiation 
16 levels. The time step is one day. The terrestrial 
vegetation model is VECODE (VEgetation COn-
tinuous Description) (Brovkin et al., 1997). The 
model computes the fraction of the potential vege-
tation (i.e., grass, trees and bare soil) with a time-
step of one year.  The ocean model (Stocker et al., 
1992) contains a thermodynamic sea-ice model and 
describes the zonally averaged temperature, salini-
ty and velocity for three separate basins (Atlantic, 
Indian and Pacific oceans). The latitudinal resolu-
tion is 2.5° and the vertical resolution is 20 unequal 
levels. Results of CLIMBER-2 compare favorably 
with data of the present day climate (Ganopolski et 
al., 1998; Petoukhov et al., 2000) as do the results 
derived from sensitivity experiments (like changes 
in vegetation cover and solar irradiance) with tho-
se of more comprehensive models (Ganopolski and 
Rahmstorf, 2001).  At low latitudes the monsoonal 
strengths in CLIMBER-2 during the mid-Holocene 
lies within the range of GCMs (Braconnot et al., 
2002) and it also simulates realistic transient beha-
viour of the monsoons (Claussen et al., 1999). The 
model thus adequately simulates many aspects of 
large-scale climate variability. 

With CLIMBER-2 we performed three transient 
simulations for the interval from 650 ka to pre-
sent, of which we show the last 284 kyr. The only 
forcing used in the EXP O simulation is insolation 
changes induced by the La04 orbital parameters 
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(Laskar et al., 2004), while the ice sheets volume 
and greenhouse gas forcing were kept fixed at pre-
sent-day and pre-industrial values, respectively. 
In the EXP OI simulation the same orbital forcing 
was used with varying ice-sheets on the Northern 
Hemisphere. In the EXP OIG simulation the same 
orbital forcing was used with varying ice-sheets 
and changes in the atmospheric greenhouse gas 

Fig. 4. The AP% data series of core Fq-9C plotted on a depth scale. (a) Raw data. (b) Detrended and interpolated depth 
series overlain by a Gaussian filter centered at 0.0011 ± 0.0004 (i.e., ~9 m component). (c) The LR04 benthic oxygen 
isotope stack overlain by Gaussian filter centered at 0.0245 ± 0.002 (i.e., 41 kyr component). Numbers at each site of 
the filtered records in b and c indicate the age control points (see also Table 1) between the AP% depth series of core 
Fq-9C and that of the LR04 stacked record (see text for explanations and references).

concentrations of carbon dioxide (CO2) and me-
thane (CH4) derived from ice core data.

The greenhouse gas concentrations and ice-sheet 
variations were prescribed because CLIMBER-2 
does not contain a carbon cycle model and interac-
tive ice-sheet model. Prior to 500 yrs BP the used 
concentrations of CO2 and CH4 were obtained from 
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the Antarctica ice core EPICA Dome C with the 
EDC 3 timescale (Lüthi et al., 2008, Loulergue et 
al., 2008). For the last 500 years we used values 
from several sources (Robertson et al., 2001).

For EXP OI and OIG we prescribed the ice area and 
height of the Eurasian and North American (Lau-
rentide) ice sheet, which are considered to portray 
the largest ice sheet fluctuations during the studied 
time interval. Hence, for all simulations the height 
and surface area of Greenland and Antarctica as 
well as small glaciers were kept at present-day va-
lues. Ice-sheet volumes of the Laurentide and Eu-
rasian ice sheet were obtained from a simulation 
with a 3-dimensional ice sheet model coupled to 
a deep-ocean temperature model (Bintanja et al., 
2005). This model was forced by the LR04 ben-
thic δ18O record (Lisiecki and Raymo, 2005) in an 
inversed mode resulting in time series of the NH 
ice-sheet volumes and air temperatures (Fig. 6). 
From the simulated ice volumes the time-varying 
areas and heights of the American and the Eurasian 
ice-sheet had to be reconstructed. For this purpo-
se, the ice-sheet areas defined by the ICE-5G ice 
distribution from the LGM until present (Peltier, 
2004) was set on the spatial scale of CLIMBER-2 
as a reference, and extrapolated back to 650 kyr 
BP pending the ice sheet volumes. In this way, the 
total ice-sheet area as well as the area for each ice 
sheet included the same temporal behavior as the 
volumes reconstructed by the 3-D ice sheet model. 
From the areas and volumes of the ice-sheets their 
heights can be reconstructed. 

To identify the separate influence of variations in al-
bedo and height due to variations in ice-sheets, two 
additional experiments were carried out in which 
the heights of the ice sheets were changed with 
fixed albedo of vegetation and soil, and where the 
albedo was changed with fixed present-day heights 
of the ice sheets. The first experiment shows that 
variations in height mainly affect the atmospheric 
circulation, causing climate variations especia-
lly above and to the east (i.e., downstream) of the 
ice-sheets. In contrast, the albedo-related changes 
influence climate both at high and low latitudes, in-
cluding northern South America.

During the (prescribed) waxing and waning of the ice 
sheets there is no transport of water from the oceans 
to the ice sheets and vice versa, i.e., the sea-level 
in the model does not change during glacial cycles. 
The results are shown as averages over 100 yr as 
the periods of the oscillations of the orbital forcing 

and variations in ice-sheet volume and greenhouse 
gas concentration are much longer than 100 yr. See 
Weber and Tuenter (2011) for a detailed description 
of the boundary conditions and simulations. 

3. Results

3.1 Orbital tuning of the Fúquene Basin 
Composite (FqBC) record

The CLEAN spectrum of the Fq-9C AP(%) record 
reveals highly significant (99%) peaks at 9.07 and 
22.65 m, and peaks with lower significance at 12.58, 
5.96, 4.19 and 3.65 m (Fig. 5a). Although the power 
distribution is much more smoothed in the BT spec-
trum, strong peaks occur at ~9 and 25 meters; con-
sistent with the CLEAN estimates (Fig. 5b). Also 
the REDFIT power estimate and distribution are in 
good agreement with that of the BT and CLEAN 
methods, although an additional peak occurs at 1193 
cm (Figs. 5b and d). The 22.65 m periodicity coinci-
des with the large-scale changes in the AP% record, 
which we attribute to the imprint of the late Pleisto-
cene ~100 kyr glacial rhythm (Hooghiemstra et al., 
1993). Accordingly, the 9.07 m cycle corresponds 
with a 41 kyr period, indicating a large obliquity 
control of the climate variability in this region. We 
therefore choose to use only the obliquity-related 
changes in the AP% record to construct an astrono-
mical tuned time scale for Fq-9C.

As starting point for our tuning, we extracted the 9 
m component of the AP% record using a Gaussian 
filter as implemented in the freeware AnalySeries 
2.2 (Paillard et al., 1996) centered at a frequency of 
0.0011 ± 0.0004 (Fig. 3b). The filtered 9 m signal 
was subsequently correlated to the filtered obliqui-
ty-related 41 kyr component of the LR04 benthic 
δ18O record (Lisiecki and Raymo, 2005) to establish 
an age model for Fq-9C (Fig. 3c). For this purpose 
we applied a Gaussian filter centered at a frequency 
of 0.0245 ± 0.002, and tuned our data by peak-to-
low matching of the filtered 9-m signal of the Fq-9C 
AP% depth series and the filtered 41-kyr signal of 
the LR04 time series (Table 1). Extrapolation of the 
resulting age model provides an age estimate for the 
bottom and top of the Fq-9C sedimentary sequence 
of respectively 284 and 27 kyr before present (ka), 
and an average sample resolution of ~60 yr.

Data from the last 27 kyr of the 12 m long Fúque-
ne-2 (Fq-2) core (Van Geel and Van der Hammen, 
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Fig. 5. Spectral analysis results of the AP% data series of core Fq-9C. (a) CLEAN. (b) Blackman-Tukey. (c) CLEAN 
(emended). (d) REDFIT (see text for explanations and references). (e) CLEAN spectrum of the Fúquene Basin com-
posite (FqBC) AP% record in the time domain. This spectrum was established by adding 10% red noise (i.e. control 
parameter = 0.1), a clean/gain factor of 0.1, 500 CLEAN iterations, an interpolation step (dt) value of 0.2 kyr and 500 
simulation iterations. (f) CLEAN spectrum of EXPs O (red), OI (black) and OIG (blue) over the past 284,000 years. 
Similar methods were followed as in E. Note that only the 90 and 99% significance levels of EXP OIG are shown.
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1973) was implemented on top of the Fq-9C to ex-
tend the AP% record up to the latest Holocene. The 
resulting Fúquene Basin Composite (FqBC) reveals 
a complete and ultra high-resolution AP% record 
for the past 284000 years. These correlations were 
verified with the 18 m long Fúquene-7C (Fq-7C) 
core obtained from the lake shore at approximately 
1.5 km distance from Fq-9 and Fq-10 (Hessler et 
al., 2009; Mommersteeg, 1998). For this purpose, 
we revised the 14C ages for the Fq-2 and Fq-7C re-
cords (Table 1), using the CALIB REV 5.0.2. pro-
gram (Stuiver et al., 2009). Tie points between the 
Fq-2, Fq-7C and Fq-9C AP% records were based 
on the following biostratigraphic markers: Arboreal 
Pollen, Alnus, Polylepis-Acaena, Quercus, Myrica, 
Podocarpus, Asteraceae tubuliflorae, Hypericum 
(Table 1). The comparison between the AP% re-
cords of Fq-2 and Fq-7C showed that the Younger 
Dryas is only present in core Fq-2 (not shown). The-
refore, we linked Fq-9C directly to Fq-2 at 27.19 ka 
to produce the FqBC record (Fig. 6).

Correlation to the LR04 δ18Obenthic record was cho-
sen, because this record is used as the backbone for 
many late Pleistocene paleoclimate studies. The 
LR04 chronology follows the SPECMAP appro-
ach (Imbrie et al., 1984; Imbrie and Imbrie, 1980) 
in which the δ18Obenthic record is tuned to a simple 
ice sheet model that includes a forcing function 
(i.e. 21 June insolation curve for 65ºN), an avera-
ge ice-sheet response time and a non-linearity co-
efficient that describes the slow build-up and fast 
terminations of the ice-sheets. For the past 300000 
years, the LR04 chronology yields time lags for 
the obliquity (41-kyr) and precession (23-kyr) 
components of the δ18Obenthic record of 7.5 ± 0.8 
and 4.5 ± 0.5 kyr, respectively. This implies that 
also the AP% time series includes a ~7.5 kyr time 
lag for its obliquity-related component, which is 
supported by the compliance between the extra-
polated tuned ages of positions 300 and 353 cm in 
Fq-9C of respectively 32.9 and 35.2 ka, and their 
corresponding corrected radiocarbon ages of 32.54 
± 0.32 and 35.74 ± 0.31 ka (Fig. 6). 

The AP% time series improved the temporal resolu-
tion of the earlier pollen based records from the Fú-
quene Basin with better than centennial resolution. 
Evidently, the FqBC record depicts the last three 
glacial terminations, TI-TII, TIIIa and TIIIb (Fig. 5). As 
expected on basis of the spectral results in the depth 
domain, highly significant spectral power is found at 
the 41 kyr and 113 kyr periods, while a clear imprint 
of the precession cycle is lacking (Fig. 5e). In addi-

tion, wavelet analysis shows a distinct 8-kyr period 
appearing only at the major terminations, which is 
actually part of a large range of periods, reflecting 
the rapid and extreme changes in the AP% record at 
these times (Fig. 7a).

3.2 Mean annual temperature reconstructions

From previous altitudinal pollen studies of the tropi-
cal Andes, it appeared that changes in AP% respond 
quasi-linearly to temperature-driven vertical shifts 
in the UFL between 3500 m (the highest mountains 
at close distance) and the LGM position at ~2000 
m (Hooghiemstra, 1984; Hooghiemstra and Van 
der Hammen, 1993; Van 't Veer and Hooghiemstra, 
2000; Van der Hammen, 1974; Van der Hammen 
and González, 1960; Wille et al., 2001). Accordin-
gly, MAT at Lake Fúquene was approximately 7.8 
ºC lower during the LGM than at present, which is 
in close agreement with the 5-9 ºC decrease deri-
ved from the change in snowline along the Eastern 
Cordilleras of the central Andes (Broecker and Den-
ton, 1990; Klein et al., 1999) and ice core δ18O data 
of the Huascarán (Peru) and Sajama (Bolivia) gla-
ciers in the southern Andes (Thompson et al., 1995, 
1998, 2000; Broecker, 1995). In addition, Wille 
et al. (2001) showed that the LGM lapse rate was 
much steeper (~0.76 °C/100 m) than today (0.6-0.64 
°C/100 m, Florez, 1986). This change in lapse rate 
would imply that the air temperatures at sea level 
decreased by 3 to 5 °C during the LGM, which is 
consistent with the ~3 ± 1°C sea surface temperature 
(SST) lowering derived from the Mg/Ca and Uk’

37 
–based temperature reconstructions of cores TR163-
19 (Lea et al., 2000) and MD02-2529 (Leduc et al., 
2007) in the Equatorial Pacific (Figs. 1 and 6e). 

The AP% record may thus be used to provide a good 
approximation of MAT at Lake Fúquene through 
time, using the modern to glacial temperature di-
fference, considering that the seasonal variations in 
mean monthly temperatures remained as small as to-
day. However, over the last 3000 years, the AP% re-
cord has been biased by the destruction of montane 
forests through intensive agriculture and soil erosion 
(Van Geel and Van der Hammen, 1973). Therefore, 
we assigned the AP% of 73 ± 6% at ~3.1 ka a MAT 
of 13.5 ± 0.5ºC, assuming that MAT remained close 
to present-day values over the past 3 ka (Van Geel 
and Van der Hammen, 1973). With a mean AP% va-
lue of 15 ± 6% at ~20 ka, this implies that a change 
in AP% of 10% corresponds with a MAT change of 
1.3 ± 0.3ºC. The estimated standard error of the pre-
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sented MAT record (Fig. 6) is 0.6 ± 0.4 ºC, by taking 
into account a mean temperature difference between 
20 and 3 ka of 7.8 ºC and the estimated errors in 
the lapse rates and AP% (Hooghiemstra, 1984; Ho-
oghiemstra et al., 1993; Van 't Veer and Hooghiems-
tra, 2000; Van der Hammen, 1974; Van der Ham-
men and González, 1960; Wille et al., 2001). The 
resulting MAT estimate of 15 ± 1.5 ºC at 7 ka (early 
Holocene) is consistent with earlier reconstructions 
(Van Geel and Van der Hammen, 1973).

Fig. 6. Comparison between the mean annual temperature (MAT) changes at Lake Fúquene with other paleoclimate 
records. (a) LR04 benthic δ18O stack (Lisiecki and Raymo, 2005). (b) Modeled NH air temperatures (Bintanja et al., 
2005). (c) AP%-based MAT at Lake Fúquene. (d) The deuterium-based temperature record of Epica Dome C (Jouzel 
et al., 2007; Parrenin et al., 2007). (e) Mg/Ca-derived sea surface temperature (SST) record of TR163-19 (Lea et al., 
2000). The numbers in (a) indicate Marine Isotope Stages. Brown shaded area in (c) represents deforestation interval.

Comparison between our reconstructed MAT at 
Lake Fúquene and the Mg/Ca-derived SST esti-
mates of core TR163-19 for the last 284000 years 
shows that temperature variations at high altitudes 
in the northern Andes are larger and much more 
rapid, i.e. up to 10 ± 2°C within a few hundred of 
years at TII and TIIIb, than reflected in the equato-
rial marine record (Fig. 6e). This extreme tempe-
rature change is exceptional for the low latitudes, 
and has yet only been found in high latitude tem-
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perature records of Antarctica (Jouzel et al., 2007; 
Parrenin et al., 2007) or the estimated continental 
mean annual air temperature changes between 40 
and 80°N (Bintanja et al., 2005) at these termina-
tions (Fig. 6b and d). The temperature changes of 
up to 7 °C during MIS 3 are also exceptional and 
are yet only observed in Greenland ice core re-
cords (Fig. 8). We further obtained a considerable 
longer duration for MIS 5.5 (defined by the tempe-
ratures above present-day values between 110-133 
ka) than the marine and polar temperature records 
(120-132 ka). A longer duration for MIS 5.5 is, 
however, in close agreement with the radiometric 
dated sea level records (Blanchon et al., 2009; Ga-
llup et al., 2002; Thompson and Goldstein, 2006) 
during this period (Fig. 7b).

3.3 Transient climate modelling experiments

EXP O reveals only small temperature differences 
of less than ~0.8°C, which oscillate dominantly on 
a precession frequency (Figs. 5f and 7c). The in-
fluence of orbital-induced insolation changes alone 
can therefore not explain the reconstructed MAT 
shifts at Lake Fúquene, since the FqBC AP% record 
lacks a (dominant) precession-related signal (Fig. 
5e). The spectral fit between the reconstructed and 
the modelled MAT becomes much better in case ice 
volume changes are taken into account (EXP OI). 
Although the 41 and 100 kyr dominated ice volume 
changes largely describe the pattern in the MAT at 
~2.5 km altitude in the tropical Andes, alone they 
are insufficient to explain the whole magnitude of 
the reconstructed changes (Figs. 5f and 7c). Evi-
dently, the modelled MAT compares much better 
with the orbital variations in the reconstructed MAT 
record when greenhouse gas forcing (EXP OIG) is 
added (Fig. 7c). In particular, the relative spectral 
power of the 41 and 113 kyr increased significantly 
with respect to the precession (19-23 kyr) related 
peak in EXP OIG (Fig. 5f).

4. Discussion 

On a global scale, our new FqBC record improved 
the temporal resolution of long pollen based records 
of climate change with an order of magnitude. The 
record shows a hitherto unknown level of variabi-
lity in the altitudinal distribution of forest and pá-
ramo taxa and plant associations at both orbital as 
sub-Milankovitch time scales.

4.1 Orbital-driven MAT changes

The high sensitivity of MAT at high altitudes in the 
northern Andes to ice volume and greenhouse gas 
variations on orbital time scales is supported by re-
cent modelling studies (Urrutia and Vuille, 2009), 
which project large changes in South American (sub)
alpine climates by the end of the 21st century due 
to enhanced anthropogenic greenhouse gas emis-
sions. Still, the simulated glacial-interglacial MAT 
changes of 3 to 4°C significantly underestimate the 
reconstructed variations at Lake Fúquene (Figs. 7b 
and c). Part of this discrepancy can be explained by 
the large divergence between simulated glacial-in-
terglacial changes at a lapse rate of less than 0.005 
°C/100 m and the reconstructed change in lapse rate 
of up to ~0.3 °C/100 m. Another important factor in 
controlling this offset is the low spatial resolution 
of CLIMBER, which excludes to resolve specific 
changes in the local hydrology and vegetation fee-
dbacks within the studied region. Moreover, due 
to its statistical-dynamical approach, CLIMBER-2 
runs strongly underestimate the sub-Milankovitch 
and millennial scale variability (i.e. <11 kyr), which 
clearly affected the MAT at the lake. 

Remarkable is the absence of a distinct precession-
related signal in the FqBC AP% record over the past 
284000 years, since this astronomical cycle domina-
tes tropical climate variations (Berger, 1984; Short 
et al., 1991). This accounts in particular for tropical 
regions, where the seasonal migration of the ITCZ 
and the strength of the monsoons vary significantly 
(Kutzbach and Street-Perrot, 1985; Tuenter et al., 
2005). Although possible changes in sedimentation 
rates at precession time scales or the few gaps in the 
record may have weakened the imprint of the pre-
cession signal, the close correspondence between 
our reconstructed and modelled MAT changes sug-
gests that the obliquity-driven and ~100 kyr domi-
nated global changes in ice volume and greenhouse 
gas forcing were much more significant for the eco-
logical changes at 2540 m elevation in the northern 
Andes than the precession-driven changes in local/
regional temperature and precipitation. This is in 
contrast to records from the Bolivian Altiplano and 
northeastern Brazil, which indicate significant pre-
cession-forced precipitation changes (Baker et al., 
2001; Wang et al., 2008). Possibly, the latitudinal 
displacement of the ITCZ during summer and win-
ter was small in the northern Andes on precession 
time scales, thereby causing only minor precipita-
tion changes that could have affected the vegetation 
patterns at the surroundings of Lake Fúquene.
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6.25   0.000 Revised 14C age from Fq-2
 280.00  2.000 Revised 14C age from Fq-7C
320.00   6.780 Revised 14C age from Fq-2
 349.00  6.890 Revised 14C age from Fq-7C
 403.00  7.890 Revised 14C age from Fq-7C
385.00   8.470 Revised 14C age from Fq-2
 448.00  8.570 Revised 14C age from Fq-7C
 467.00  8.620 Revised 14C age from Fq-7C
 481.00  8.680 Revised 14C age from Fq-7C
 491.00  8.950 Revised 14C age from Fq-7C
 504.00  9.600 Revised 14C age from Fq-7C
465.00   10.900 Revised 14C age from Fq-2
490.00   12.800 Revised 14C age from Fq-2
508.00   13.550 Revised 14C age from Fq-2
 521.00  15.500 Revised 14C age from Fq-7C
 543.00  17.000 Revised 14C age from Fq-7C
574.00   18.810 Revised 14C age from Fq-2
675.86 651.00  21.300 Revised 14C age from Fq-7C
732.70 699.00  23.650 Revised 14C age from Fq-7C
988.49 915.00 350.00 35.074 Matching maxima in AP (related to maxima in Alnus,  
    Quercus and Podocarpus) between Fq-9C and Fq-7C
  486.00 41.000 LR04 41kyr filtered δ18O minimum
 1205.00 770.00 53.375 Matching maxima in AP (related to maxima in Alnus,  
    Myrica and Quercus) between Fq-9C and Fq-7C  
      
  945.00 61.000 LR04 41kyr filtered δ18O maximum
 1530.00 1155.00 70.071 Matching maxima in AP (related to maxima in Quer 
    cus) between Fq-9C and Fq-7C
     
  1408.00 81.000 LR04 41kyr filtered δ18O minimum
  1873.00 102.000 LR04 41kyr filtered δ18O maximum
  2339.00 122.000 LR04 41kyr filtered δ18O minimum
  2805.00 142.000 LR04 41kyr filtered δ18O maximum
  3268.00 162.000 LR04 41kyr filtered δ18O minimum
  3727.00 183.000 LR04 41kyr filtered δ18O maximum
  4182.00 203.000 LR04 41kyr filtered δ18O minimum
  4632.00 223.000 LR04 41kyr filtered δ18O maximum
  5080.00 243.000 LR04 41kyr filtered δ18O minimum
  5526.00 263.000 LR04 41kyr filtered δ18O maximum
  5833.00 284.000 LR04 41kyr filtered δ18O minimumv

Depth (cm) Depth (cm) Depth (cm) Age (ka)  Reference
Fq-2 Fq-7C Fq-9C

Table 1  Tie and age control points of fq-2, Fq-7C and Fq-9C.

4.2 Sub-Milankovitch related MAT 
changes

Ice-cores provide some of the highest temporally 
resolved records of late Pleistocene climatic varia-
bility. Oxygen isotope records from Greenland ice-
cores record rapid transitions between cold stadial 
and warm interstadial conditions in the Northern 
Hemisphere during the last glacial and deglacial pe-
riod (GRIP-Members, 1993; Grootes et al., 1993). 

These so-called Dansgaard–Oeschger (DO) events 
represent episodes of extremely rapid warming (up 
to 10 °C temperature rise within a few decades), 
followed by more gradual cooling. DO events have 
been linked to variations in the mode of North At-
lantic deep-water formation, driven by changes in 
the supply of freshwater to the region of deep-water 
formation (Broecker et al., 1985), which may have 
culminated into short periods of massive iceberg 
discharge, named Heinrich (H) events (Fig. 8), in 
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Fig. 7. Wavelet analysis of the Lake Fúquene arboreal pollen percentages (AP%)  record (a) and comparison between 
the reconstructed (b) and modeled (c) mean annual temperatures (MAT) for the gridbox (115°W-65°W; 0-10°N) at 
an altitude of 2000 m. Red dotted line in (b) indicates 10 kyr moving average, while the blue dotted represents the 
radioisotopical dated coral-based sea level reconstructions (Thompson and Goldstein, 2006).  

the North Atlantic (Broecker, 1994). Corresponding 
climatic shifts have been found in low-latitude re-
cords, e.g. showing southward shifts in the annual 
average ITCZ (Peterson et al., 2000) and reduced 
Asian monsoon rainfall (Wang et al., 2008) during 
stadials. In contrast to the changes observed in 
Greenland, glacial age temperature variability re-
corded by Antarctic ice cores is characterized by a 
more gradual and symmetric behaviour that is out-
of-phase with the changes in the Northern Hemis-
phere (Blunier and Brook, 2001). This relationship 
provides the basis for the so-called bipolar seesaw 

hypothesis (Stocker, 1998) whereby changes in 
ocean circulation associated with cooling across 
the North Atlantic drive a corresponding warming 
across the Southern Ocean and Antarctica.

The clear signature of the Younger Dryas, constra-
ined by 14C dates, and the interstadial DO cycles 1 
(Bølling-Allerød), 8, 12, 14, 19 and 20 in the recons-
tructed MAT record of Lake Fúquene suggests an 
unprecedented North Atlantic-equatorial link (Fig. 
8). In addition, the short interval with low MAT 
during MIS 5.5 and the rapid MAT changes during 
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the penultimate glacial period and Termination II 
mirrors the Greenland Ice Core Project (GRIP) δ18O 
record (GRIP-Members, 1993). The lower part of 
the GRIP core is, however, suspect to disturbance, 
since it shows a different pattern than the one found 
in the North Greenland Ice Core Project (NGRIP; 
Svensson et al., 2008; NGRIP Members, 2004) and 
the nearby Greenland Ice Sheet Program 2 (GISP2, 
Grootes et al., 1993), although gas measurements 
suggest that it contains ice of the last interglacial 
and penultimate glacial maximum (Landais et al., 
2003). The North Greenland Eemian Ice Core Dri-
lling Project (NEEM) may decipher the robustness 
of this correlation.

Fig. 8. Comparison between the reconstructed mean annual temperatures (MAT) at Lake Fúquene and the combined 
Greenland δ18O ice core records for the past 180,000 years (GRIP-Members, 1993) and temperature record of Epica 
Dome C (Jouzel et al., 2007; Parrenin et al., 2007). The DO numbers indicate Dansgaard-Oeschger cycles and AIM 
are the Antarctic Isotope Maxima (AIM). H1-H6 corresponds to the Heinrich events. BA= Bølling-Allerød intersta-
dial and YD= Younger Dryas. The combined Greenland δ18O record includes (1) the Greenland Ice Core Chronology 
2005 (GICC05) (NGRIP Members, 2004) based on annual layer counting for the past 60 ka, (2) the original NGRIP 
data (NGRIP Members, 2004; Svensson et al., 2008) between 60 and 103 ka, and (3) the data of GRIP below 103 ka.

At present, we consider that the age constraints of 
our MAT record are not accurate enough to deter-
mine the exact phase relationship with the North 
Atlantic cold events: i.e. the warm events appear 
also closely linked to the inferred Antarctic Isotope 
Maximum (AIM, EPICA Dome C Members, 2006) 
(Fig. 8). It is tempting, however, to link maximum 
MAT conditions at Lake Fúquene to interstadial 
periods in line with the δ18Oice records of the Huas-
carán (Peru) and Sajama (Bolivia) glaciers in the 
southern Andes (Thompson et al., 1995, 1998, 
2000). In addition, palynological investigations 
of the Cariaco Basin off northern Venezuela (Fig. 
1) have revealed the highest pollen concentrations 
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and the maximum extend of semi-deciduous and 
evergreen forests in the northernmost part of South 
America during these times (González et al., 2008). 
During stadials, the region around the Cariaco Ba-
sin is characterized by increases of salt marshes, 
herbs, and montane forests, while during Heinrich 
events forest abundance decreased (González et 
al., 2008). It has been proposed that during these 
events, a reduced Atlantic meridional overturning 
circulation resulted in extreme winter cooling of 
the North Atlantic (Cheng et al., 2006; Denton et 
al., 2005). Through an atmospheric connection, the 
ITCZ was, probably also with a winter bias (Zie-
gler et al., 2008), shifted to a more southern posi-
tion (Cane and Clement, 1999; Chiang et al., 2003; 
Clement and Peterson, 2008; Peterson et al., 2000; 
Hessler et al., 2010), and causing wetter climate 
conditions in the north-eastern part of Brazil and 
the Bolivian Altiplano (Baker et al., 2001; Wang et 
al., 2004). A comparison with a detailed record of 
North Atlantic, C37:4 alkenone record of the Iberian 
Margin (Martrat et al., 2007), shows that in particu-
lar during H1-2 and H6 Lake Fúquene was affected 
by the lowest MAT (Fig. 8).

5. Conclusions

A new ultra-high resolution pollen record from the 
Fúquene Basin in the northern Andes over the past 
284000 years has been presented and found to re-
veal a distinct one-to-one coupling between tropi-
cal MAT and the North Atlantic climate variability 
on both orbital and millennial time scales. Spectral 
analysis and orbital tuning techniques showed that 
the long-term MAT changes at the lake concur with 
the 41 kyr and ~100 kyr glacial-bound ice volu-
me changes. Transient experiments with a climate 
model of intermediate complexity (CLIMBER-2) 
revealed in addition that the large-scale, orbital-
induced vegetation changes cannot be explained by 
ice volume variations alone, but that the modelled 
and reconstructed MAT fits better when greenhouse 
gas forcing is added. However, the simulated gla-

cial-interglacial MAT changes are less amplified 
with respect to the reconstructed variations, proba-
bly because the model underestimates the glacial-
interglacial changes in lapse rate. In addition, the 
low spatial resolution of CLIMBER-2 excludes re-
solving specific changes in the local hydrology and 
vegetation feedbacks.

Superimposed on the orbital-scale variations, the 
reconstructed MAT record revealed rapid (within a 
century) and extreme temperature changes of up to 
10 ±2°C at the major glacial terminations and du-
ring MIS 3. Evidently, tropical montane forest and 
tropical alpine grassland (páramo) ecosystems are 
very sensitive and react with significant altitudinal 
migrations on global climate change on orbital to 
millennial and centennial time scales, thereby su-
pporting evidence from tropical ice core records 
and current projections of future climate change. 
Hence, lake sediments have an enormous potential 
to reach the accuracy of marine and ice core records 
when traditional bottle necks in analysing long con-
tinental records are adequately addressed.
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Fúquene-9 Fúquene-10 Fúquene-9 Fúquene-10

6799-6702 3259-3161

6644-6546 3199-3101

6499-6402 3140-3041

6379-6282 3079-2981

6259-6162 3019-2921

6199-6100 2959-2861

6139-6043 2899-2802

6079-5981 2838-2742

6019-5922 2779-2681

5960-5861 2719-2620

5899-5801 2649-2556

5839-5741 2599-2501

5778-5681 2539-2441

5719-5621 2479-2381

5659-5561 2419-2321

5599-5501 2359-2261

5538-5441 2299-2201

5479-5380 2239-2146

5415-5321 2179-2083

5350-5261 2119-2021

5299-5202 2059-1965

5239-5163 1999-1901

5179-5082 1939-1841

5119-5020 1879-1781

5059-4962 1819-1721

4999-4901 1759-1661

4939-4842 1698-1601

4878-4781 1639-1541

4819-4721 1579-1480

4758-4660 1519-1421

Appendix

Table 1. Core sections (depth in cm) of Fúquene-9 and Fúquene-10



45

Chapter 2

Table 2. Tie points between Fúquene-9 and Fúquene-10

Fúquene-9 Fúquene-10 Fúquene-9 Fúquene-10

4699-4600 1459-1361

4639-4541 1399-1301

4579-4481 1339-1241

4521-4422 1279-1181

4459-4360 1219-1121

4399-4301 1159-1061

4339-4241 1099-1001

4279-4181 1039-941

4216-4122 970-880

4159-4061 919-821

4099-4001 859-760

4038-3941 799-701

3949-3879 739-641

3919-3820 679-580

3859-3761 619-521

3798-3701 559-460

3738-3641 499-401

3679-3582 439-341

3619-3521 379-280

3559-3461 318-220

3499-3400 259-160

3439-3341 199-167

3378-3281 140-100

3319-3220

Fq-10 depth (cm) Fq-9 depth (cm) Offset (cm)
169 108 61
257 196 61
378 318 60
499 437 62
737 669 68
858 793 65
969 899 70
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Fq-10 depth (cm) Fq-9 depth (cm) Offset (cm)
1338 1255 83
1458 1368 90
1578 1475 103
1698 1587 111
1818 1742 76
2297 2212 85
2370 2279 91
2418 2367 51
2537 2522 15
2648 2695 -47
2778 2803 -25
2898 2915 -17
3018 3065 -47
3139 3170 -31
3257 3286 -29
3377 3418 -41
3498 3543 -45
3618 3649 -31
3738 3768 -30
3858 3895 -37
3948 3992 -44
4097 4145 -48
4213 4260 -47
4338 4374 -36
4457 4492 -35
4578 4614 -36
4697 4742 -45
4817 4871 -54
4938 4970 -32
5057 5092 -35
5297 5327 -30
5324 5369 -45

Table 3. Selected intervals used to construct the Fúquene-9 composite record

Fq-9 
Depth (cm)

Fq-10 
Depth (cm)

Fq-10 
drilling depth

Fq-9 
Depth (cm)

Fq-10 
Depth (cm)

Fq-10 
drilling depth

6000-5982 2719-2620
5959-5866 2599-2516
5839-5824 2515-2480 2530-2495

5823-5736 5778-5691 2479-2381
5719-5622 2359-2269
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Fq-9 
Depth (cm)

Fq-10 
Depth (cm)

Fq-10 
drilling depth

Fq-9 
Depth (cm)

Fq-10 
Depth (cm)

Fq-10 
drilling depth

5599-5584 2268-2240 2359-2331
5583-5489 5538-5444 2239-2146

5479-5461 2119-2090
5460-5370 5415-5325 2083-2021

5350-5329 1999-1901
5328-5235 5298-5205 1879-1819
5208-5114 5178-5084 1816-1795 1901-1880
5094-5001 5059-4966 1794-1781
4971-4878 4939-4846 1758-1695
4873-4780 4819-4726 1694-1645 1770-1721

4758-4744 1639-1571
4743-4645 4698-4600 1570-1490 1681-1601

4639-4615 1489-1470
4614-4521 4578-4485 1469-1389 1572-1492

4520-4426 1388-1369
4425-4400 4390-4365 1368-1280 1458-1370

4399-4312 1278-1257
4278-4245 1256-1160 1339-1243

4244-4170 4197-4123 1158-1062
4158-4065 1061-1039 1144-1122

4064-4049 4016-4001 1038-941
4037-3994 899-810 969-880

3993-3923 3949-3879 799-739
3919-3896 738-695 803-760

3895-3799 3858-3762 679-580
3768-3679 3738-3649 558-460

3678-3596 437-339 499-401
3595-3564 3564-3533 319-227 379-287

3558-3499 199-167
3498-3450 3453-3405

3438-3342
3318-3260

3259-3199 3230-3170
3198-3104
3077-2981
2958-2861

2860-2838 2843-2821
2837-2742

Core depth of Fúquene-9 are according to the original depth intervals. Core depth of Fúquene-10 are shown as 
their original depth intervals and the new depth intervals after correlating the cores.
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Abstract

We present an ultra-high resolution ~60 m 
long pollen record from Lake Fúquene 
located at 2540 m elevation and 5°N in 

the Colombian Andes. The age model developed 
by Groot et al. (2011) shows the full record spans 
the period 284-27 ka. Here we present with 1 cm 
sample resolution (~60 yr) the 26.21-58.33 m inter-
val which reflects the period 284-130 ka. We used 
a selection of 66 pollen and spore taxa with most 
informative ecological envelopes reflecting higher 
ranked zonal montane ecosystems best. The record 
shows changes in altitudinal vegetation distribu-
tion and the position of the upper forest line, which 
shifted between ~2000 and ~3400 m, was used to 
infer a record of mean annual temperature (MAT). 
Superimposed on the orbital-scale variations the 
reconstructed MAT record showed rapid (within a 
century) and extreme temperature changes of up to 
10°C at Terminations. Temperature variability du-
ring marine isotope stages (MIS) 6-8 mimics the 
Dansgaard-Oeschger (DO) cycle variability during 
MIS 2-5. Based on distinct short lived upslope ex-
cursions of the upper forest line we identified 20 
DO-style cycles during MIS 6-7, and 6 DO-style 
cycles during the last part of MIS 8. Changes in 

montane forest composition are driven by the trees 
Alnus, Myrica, Quercus and Weinmannia while 
the trees Podocarpus, Miconia, and Hedyosmum 
mostly respond delayed. We compared our MAT re-
cord with selected marine and ice core records and 
demonstrated the global relevance of this record 
showing unprecedented resolution. We studied the 
dynamic history of the basin by comparing records 
of aquatic vegetation (reflecting lake level chan-
ges), organic carbon (reflecting biomass production 
and peat formation) and the record of grain size dis-
tributions (reflecting supply of sand, coarse silt, fine 
silt and clay to the lake and the general energy level 
in the drainage system). Regional vegetation chan-
ge appeared mainly driven by eccentricity and obli-
quity (Groot et al., 2011), while aquatic vegetation 
in the basin is driven by obliquity and precession. 
We have evidenced that high mountain ecosystems 
are responding sensitively to global climate change 
at orbital and millennial time-scales.

Key words: Dansgaard-Oeschger cycles, grain size 
distributions, lake level change, montane forest dy-
namics, páramo dynamics, pollen record, sedimen-
tation regimes, upper forest line.
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1. Introduction

F avourable geological conditions in the deep 
basins of the northern Andes have led to the 
relatively undisturbed accumulation of thick 

sedimentary Quaternary sequences. Such sequen-
ces provide an opportunity to develop complete 
and high-resolution records of terrestrial environ-
mental change over multiple glacial-interglacial 
cycles. Important evidence of climate change in 
the neotropics of the last interglacial-glacial cy-
cle has come from intra-Andean basins, such as 
Laguna de Tagua-Tagua in Chile (Heusser, 1983) 
and Lake Titicaca on the Bolivian-Peruvian bor-
der (Paduano et al., 2003; Tapia et al., 2003). For 
a broad perspective on South American past cli-
mate variability at late Pleistocene time scales we 
refer to Wright Jr. et al. (1993), Markgraf (2001) 
and Vimeux et al. (2009). In the Northern Andes 
of Colombia two adjacent basins are well-known 

Fig. 1. (a) Map of Colombia showing the geographical location of Lake of Fúquene; (b) modern altitudinal vegetation 
distribution (after Van der Hammen, 1974); (c) Map of the drainage basin showing the present-day lake surface and 
the maximal lake extension during Pleistocene times; (d) Map of Lake Fúquene showing the location of the cores 
mentioned in the text.

for their long records: the Bogotá Basin and the 
Fúquene Basin (FB) which are separated by a 
water divide. The history of these basins differs 
significantly. The Bogotá Basin developed since 
late Pliocene time in a geologically instable set-
ting by subsidence (Van der Hammen et al., 1973; 
Hooghiemstra, 1984; Torres et al., 2005; Torres, 
2006; Mora et al., 2008;). Its fluvio-lacuctrine and 
lacustrine sediments reach a depth of 586 m be-
low the present surface (2550 m altitude) of the 
desiccated lake. The FB developed as a colluvial 
dam blocked lake during Middle Pleistocene time 
(Sarmiento et al., 2008) and the thickness of se-
diments that accumulated in the area where water 
stagnated is unknown. The FB is still covered by 
a water body: Lake Fúquene has its surface at an 
altitude of 2540 m (Fig. 1). The present paper 
focuses on the FB where several palynological 
studies have been carried out during the last four 
decades. We mention Van Geel and Van der Ha-
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mmen (1973) on the 12 m long core Fúquene-2 
(Fq-2), Mommersteeg (1998) on the 18 m long 
core Fúquene-7C (Fq-7C), and Van der Ham-
men and Hooghiemstra (2003) on the 43 m long 
core Fúquene-3 (Fq-3). In 2002 we collected the 
60 m deep sediment cores Fúquene-9 (Fq-9) and 
Fúquene-10 (Fq-10) from a floating platform in 
the deepest part of the lake. The objective was to 
bypass the problems of low temporal resolution, 
single proxy based reconstructions, and insuffi-
cient chronological control of the sediments. By 
improving these aspects, more detailed compari-
sons can be developed for long terrestrial records 
of climate change with high resolution marine 
records (Tzedakis et al., 1997; 2003; 2004) and 
ultra-high resolution ice core records. We cons-
tructed the composite sediment record Fúquene-
9C (Fq-9C) which represents approximately 90% 
of the sediment infill of the uppermost 60 m of the 
basin (Groot et al., 2011). Using radiocarbon da-
ting, frequency analysis in the depth domain and 
tuning of the distinct obliquity-related variations 
to the marine oxygen isotope stacked record an 
accurate age model was developed for the full re-
cord between 1.63 and 58.33 m composite core 
depth (Groot et al., 2011). The record reflects the 
period from 284 to 27 ka and consists of 4646 
time slices. At 27 ka, or at a more recent moment 
in time, the long sediment sequence was interrup-
ted by a changing drainage pattern in the lake 
(Sarmiento et al., 2008). In this paper we focus on 
the 284-130 ka interval of the record correspon-
ding to the interval of 26.21-58.33 m. This inter-
val is justified by the fact it represents the penul-
timate interglacial-glacial cycle (corresponding to 
marine isotope stage (MIS) 7-6) and the last part 
(corresponding to MIS 8) of the previous cycle. 
The upper part of this record reflecting the last 
interglacial-glacial cycle (corresponding to MIS 
5-2) is published elsewhere.

The aim of this paper is to present this new pollen 
record with unprecedented temporal resolution, 
to present the history of vegetation change in the 
northern Andes and the inferred record of clima-
te variability. We focus on orbital to millennium-
scale vegetation dynamics and climate variability, 
and demonstrate the global relevance of the record 
by comparing it with selected marine and ice core 
records of climate change. We also aim to relate 
the aquatic pollen based record of local vegetation 
change to sediment transport in the basin and to 
changing sedimentary environments in the lake.

2. Environmental setting

2.1 Geography

Lake Fúquene (5˚27’N, 73˚46’W) is an intra-An-
dean lake located at 2540 m altitude in the Eastern 
Cordillera of Colombia (Fig. 1). The lake is predo-
minantly underlain by sandstones of Cretaceous and 
Tertiary age (Sarmiento et al., 2008). The present-
day lake covers only the southern part of the FB, has 
a surface of ~25 km2 and water depth varies between 
2 and 6 m (Franco-Vidal et al., 2007; Sarmiento et 
al., 2008). This colluvial dam blocked lake accu-
mulated sediments since Middle Pleistocene times 
(Sarmiento et al., 2008). We collected 60 m deep co-
res without having reached the bedrock. The water-
shed of the FB, also known as the Basin of Ubaté-
Chichinquirá (Sarmiento et al., 2008), covers 1750 
km2 and extends between 5°35’ N and 5°19’ N, and 
between 73°54’ W 73°35’ W (Montenegro-Paredes, 
2004). Field observations showed that lacustrine se-
diments occur up to ~20 m above the present-day 
lake level indicating that during the Pleistocene the 
lake reached a maximum depth of ~25 m for a signi-
ficant period of time. Because the floor of the FB has 
a flat topography small changes in water depth cause 
large changes in lake surface.

2.2 Hydrology and Climate
 
Lake Fúquene reflects an open hydrological sys-
tem. The Ubaté River in the south and some small 
river currents in the east form the inlets. Water 
leaves the lake in the northwest by the Suarez Ri-
ver. The present-day lake only receives water from 
the southern part of the FB which has a surface of 
~900 km2 (Montenegro-Paredes, 2004). The nor-
thern part of the basin is covered by swamps and 
wetlands, and precipitation received by this part 
of the basin drains into the Suarez River (Fig. 1). 
The lacustrine sediments are intercalated by vol-
canic ash layers representing the wind transported 
fraction from eruptions in the Central Cordillera 
(Riezebos, 1978). Due to the almost equatorial po-
sition of the lake, the climate of the study area is 
mainly influenced by the annual migration of the 
Intertropical Convergence Zone (ITCZ). Two dry 
seasons, from December to January and from July 
to August, alternate with two rainy seasons from 
February to June and September to November. 
The annual precipitation ranges from 770 mm, in 
the south of the basin where a rain shadow effect 
occurs, to 1080 mm in the northern part. The mean 
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monthly temperatures vary from 13 to 14 °C with 
the coldest month occurring during the dry season. 
In contrast to the small mean annual temperature 
(MAT) range, the daily temperature range is large 
and during the dry season night frost may occur at 
the elevation of Lake Fúquene (IGAC, 2003).

2.3 Vegetation

The altitudinal vegetation distribution of the region 
was extensively studied by Cuatrecasas (1958), Van 
der Hammen and González (1960), Van der Ham-
men (1974), Cleef (1981), Cleef and Hooghiemstra 
(1984), Rangel (2000), Cortés-Sánchez (2008) and 
Van der Hammen (2008). Many plant taxa show si-
milar altitudinal and ecological ranges. The pollen 
taxa reflect the following main ecosystems (Table 
1): (a) subandean forest (lower montane forest) oc-
curs from 1000 to 2300 m, MAT range from 22 to 
13 °C and annual precipitation range from 1000 to 
4000 mm; (b) Andean forest (upper montane forest) 
occurs from 2300 up to the upper forest line (UFL) at 
3200 m, MAT range from 16 to 9 °C and annual pre-

Table 1. List of pollen and spore taxa included in the pollen sum of regional vegetation and the pollen sum of local 
aquatic vegetation.

cipitation from 1000 to 3100 mm; (c) subpáramo in-
cludes dwarf forest and shrub vegetation from 3200 
to 3500 m, MAT range from 9 to 7 °C, and annual 
precipitation from 700 to 2500 mm; (d) grasspára-
mo occurs from 3500 to 4200 m, MAT range from 
7 to 3°C, and annual precipitation from 700 to 2500 
mm; (e) superpáramo extends from 4200 to 4800 m, 
MAT range from 3 to 0 °C and daily ground frost 
occur. Superpáramo vegetation only occurs in the FB 
during glacial conditions when the UFL is located 
below ~2700 m. Present-day altitudinal envelopes of 
selected taxa used in this study are shown in Fig. 2. 
Although plant taxa respond to climate change in-
dividually many taxa respond in concert and reflect 
altitudinal shifts of the main montane ecosystems. 
Under different climatic conditions in the past, such 
as gradients of temperature (Wille et al., 2001) and 
precipitation, occurrence of night frost, and atmos-
pheric CO2 pressure, altitudinal distributions of plant 
associations may have varied through time. Also, 
present-day trees with a main cover below 2300 m in 
the subandean vegetation belt may locally reach hig-
her elevations and contribute to forest associations 



54

Chapter 3

Fig. 2. Altitudinal ranges of selected pollen and spore taxa used to reconstruct regional vegetation change. Taxa are 
arranged after ecological preference. (a) Main ecological groups; (b) Modern altitudinal range in the study area; dotted 
line = full range; solid line = interval of optimum cover; (c) Mean annual temperature along the altitudinal gradient; 
(d) Estimated annual rainfall along the altitudinal gradient (compiled from the modern vegetation studies mentioned 
in the text); (e) Main functional place of taxon in the vegetation succession (compiled from the modern vegetation 
studies mentioned in the text) (Pion: pioneer; Midd. Succ.: middle succession; Clim.: climax).
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Fig. 3. Preferential ecological position of aquatics, ferns and algae analysed in the Fq-9C pollen record along an eco-
logical dry-to-wet gradient (compiled from the modern vegetation studies mentioned in the text).

at significantly higher elevations. Cecropia may rea-
ch to ~2600 m as a pioneer along mountain rivers, 
Acalypha may occur up to 2700 m (even up to 3000 
m), Alchornea and Croton may reach up to 2800 m, 
Hieronyma and Cyathea tree ferns have been locally 
observed up to 3000 m (even up to 3200 m). Pilea 
may reach up to 3100 m. These examples make clear 
that the altitudinal range of the optimum plant cover, 
and consequently the highest pollen production, may 
vary at spatial and temporal scales. Therefore modern 
plant associations are to some degree ephemeral and 
calibration of the pollen record to modern vegetation 
associations has been carried out with care.

The position of the UFL is instrumental in recons-
tructing MAT (Groot et al., 2011) and past envi-
ronmental change. This ecotone coincides with the 
~9.5°C annual isotherm, and using an altitudinal 
temperature gradient of 0.6°C/100 m vegetation 
displacement, paleotemperatures can be calculated 
for every altitudinal level (Groot et al., 2011). The 
elevation of the lake is located halfway the maxi-
mum Pleistocene position of the UFL (at 3500 m 
during warmest interglacial conditions) and the mi-
nimum position (at ~2000 m during coldest glacial 
conditions). This renders the sediments of this basin 
a sensitive recorder of climate change (Fig. 1).

At the border of lakes, composition of aquatic vege-
tation varies with water depth and the stability of the 

shore. The ecology of the modern aquatic and mar-
sh vegetation in the Colombian Andes was studied 
by Van der Hammen and González (1963), Cleef 
(1981), Rangel and Aguirre (1983, 1986), Cleef and 
Hooghiemstra (1984), and Chaparro (2003). Rangel 
(2003) described the actual hydroseries in the upper 
montane forest belt of the study area. We followed 
Van ‘t Veer and Hooghiemstra (2000) and used the 
proportions of successional vegetation communities 
to estimate water depth (Fig. 3).

3. Materials and methods

3.1 Sediment cores, sampling and developing 
a composite record

Ten meters apart, two ~60 m long sediment cores, 
Fq-9 and Fq-10 were retrieved using a floating pla-
tform with Longyear drilling equipment of Gavesa 
Drilling Co. Bogotá. Consolidated sediments were 
first approached at ~6 m below the water surface. 
Sediments were retrieved in segments of 100 cm 
length with a diameter of 75 mm. Core samples 
at the two drilling sites were collected with 50 cm 
overlapping depth intervals to maximize sediment 
recovery (Groot et al., 2011). Undisturbed sedi-
ments in pvc-tubes were directly transported by air 
freight to The Netherlands for further treatment. 
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The fresh sediment surface was photographed in 
a standardized photographic room. Bulk chemistry 
was measured along the full length of both cores 
with an Avaatech X-ray fluorescence (XRF) core 
scanner at the Royal Netherlands Institute for Sea 
Research. For more detailed methodology we refer 
to Groot et al. (2011). Subsequently the cores were 
transported to the University of Amsterdam for co-
llecting >5000 samples at 1 cm increments for po-
llen, organic matter content and grain size analysis. 
Cores Fq-9 and Fq-10 were used to build a compo-
site record with a minimal number of gaps in the 
sedimentary sequence. We used down core chan-
ges in the lithology, records of Fe and Zr obtained 
by XRF at 1 cm distance over the full length of 
both cores to fine tune the correlation. Further de-
tails are reported in Groot et al. (2011). Core Fq-9 
had the least technical drilling artifacts and was 
therefore used as the backbone for our study. The 
depth of Fq-10 was adjusted so that the patterns of 
the various proxy records from both cores aligned. 
Sediment record Fq-9C represents approximately 
90% of the sediment infill of the uppermost 60 m 
of the basin (Fig. 4); the remaining 10% reflect 
small coring gaps, inadequate sediment intervals, 
and not analyzed parts due to organizational pro-
blems. Grain size distributions (GSD) were analy-
zed at the Vrije Universiteit Amsterdam. GSD were 
measured with a Fritsch Analysette 22 laser particle 
sizer which provides 56 size classes in the range 
from 0.15 to 2000 µm. Prior to grain-size measure-
ment, the samples were prepared according to the 
methods described by Konert and Vandenberghe 
(1997). One to 2 g of bulk sediment was pre-trea-
ted with H2O2 and HCl to remove organic matter 
and carbonates, respectively. As a consequence, 
results reflect the GSD of the siliciclastic sediment 
fraction. Grain size classes were grouped into four 
categories (end-members) which are characterized 
by fine skewed GSD. The clearly defined mode of 
81 µm reflects sandy sediment, the mode of 21 µm 
coarse silt sediment, the mode of 7 µm fine silt se-
diment, and the mode of 2 µm clayey sediment. 
The organic matter content of the sediments was 
measured by the loss-on-ignition (LOI) value at 
the University of Amsterdam. Samples with a wet 
weight of ~5 g were dried at 105 °C during 24 
hours; 2 g of dry sample were used for combus-
tion to ash and carbon dioxide in an oven at 375 °C 
for 16 hours. Combustion at 375°C avoids loss of 
interstitial water from clays and the breakdown of 
carbonates (Beaudoin, 2003). The final LOI values 
are expressed as a percentage of dry weight. Pollen 
samples of 1 cm³ were treated according with stan-

dard procedures (Fægri and Iversen, 1989) inclu-
ding sodium pyrophosphate, acetolysis, and heavy 
liquid separation by bromoform. For calculation of 
pollen concentration a tablet with a known num-
ber of Lycopodium spores was added to each sam-
ple before acetolysis. A subsample of the residue 
was mounted in glycerin jelly and cover slips were 
mounted with paraffin. Pollen was analyzed under 
a Leitz microscope with a magnification of 400x, 
and in special cases 1000x. Pollen slides were 
analyzed at the University of Amsterdam and the 
Universidad Nacional de Colombia. The cores 
have been stored in a dark room at 4 °C.

3.2 Pollen analysis and zonation

The pollen sum includes taxa reflecting the regio-
nal vegetation: subandean forest, Andean forest, 
subpáramo, and grasspáramo taxa. Taxa reflecting 
dry vegetation were added as a fifth group. On the 
basis of existing pollen records from Lake Fúque-
ne we selected 50 taxa with the most informative 
ecological ranges (Fig. 2). The tree Alnus occurs in 
swamp forest around the lake and is in this setting 
part of the local vegetation. Where Alnus contribu-
tes to gallery forest along rivers on the mountain 
slopes it is part of the regional vegetation. Alnus is 
a proliferous pollen producer and therefore over-
represented in pollen record hampering the regis-
tration of taxa with a smaller pollen production. 
Therefore, we aimed at a pollen count of 400 gra-
ins exclusive Alnus, but for calculating the pollen 
percentages Alnus was included in the pollen sum. 
The first ~20% representation of Alnus reflects bac-
kground noise (Van der Hammen and González, 
1960; Hooghiemstra, 1984; Van ‘t Veer and Ho-
oghiemstra, 2000). Alnus does not occur above the 
UFL. When the UFL is passing through the altitu-
dinal level of Lake Fúquene a significant change in 
representation of Alnus is evident. From previous 
altitudinal pollen studies of the Colombian Andes 
it appeared that changes in AP% respond quasi-
linearly to temperature-driven vertical shifts on 
the UFL between 3500 m (the highest mountains 
at close distance) and the last glacial maximum 
(LGM) position at ~2000 m (Van der Hammen 
and González, 1960; Hooghiemstra; 1984; Van‘t 
Veer and Hooghiemstra; 2000). Groot et al. (2011) 
developed the relationship between AP% and the 
corresponding altitudinal position of the UFL. An 
AP representation of 40% is indicative of an UFL 
located at the level of the lake (2540 m). As a rule 
of thumb every additional 5% reflects an UFL po-
sitioned at ~100 m higher elevation (Groot et al., 
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2011). This estimate was subsequently refined and 
verified by assessing the contributions of plant as-
sociations from all reflected vegetation belts.

Lake level changes were estimated on the basis of 
the down core proportions of aquatic vegetation 
(Fig. 3) in conjunction with GSD and the contribu-
tion of organic matter. The pollen diagram showing 
vegetation change in the lake was calculated on 
the basis of a local pollen sum. This sum inclu-
des aquatics reflecting deep water plants (Isoëtes, 
Potamogeton), shallow water plants (Ludwigia, 
Myriophyllum, Hydrocotyle, Typha, Apiaceae, and 
Ranunculaceae), swamp vegetation (Cyperaceae), 
and wet shore vegetation (Rumex, Polygonum). Po-
llen sum values showed a mean of 190 grains with 
extremes varying from 10 to 2116 grains. Spores 
of selected algae were used to support the environ-
mental interpretation.

mediate energy levels and an intermediate distance 
of the sediment source area; (d) a large lake size is 
inferred when energy levels are low and sediment 
source areas are distal to intermediate. Fine silt and 
clay is abundant with some input coarse silt. Taxa 
of deep and shallow water prevail; (e) a large sized 
and deep lake (maximally ~25 m) is inferred when 
mainly clay accumulates and deep water vegetation 
is abundant. Energetic levels are low and sediment 
source areas are distal (Vriend et al., in review).

Pollen zones are based on stratigraphical constrai-
ned cluster analysis using the total sum of squares 
(CONISS; Grimm, 1987; Gill et al., 1993). Further 

Fig. 4. Depth versus age curve of record Fq-9C showing the age of the uppermost 60 m of lacustrine sediments of Lake 
Fúquene. Points show the age control points developed in Groot et al. (2011).

We recognized five distinctive local environmental 
conditions to reconstruct depth and size of the lake: 
(a) abundant swamp and shore vegetation in com-
bination with abundant accumulation of clay and/
or peat suggest low energetic environments, low 
lake levels and abundant presence of swamps; (b) 
a small lake is inferred when abundant swamp ve-
getation is accompanied by shallow and shore ve-
getation in combination with any of the next three 
different sedimentary settings: (1) under low levels 
of energy and a distal sediment source when mainly 
clay/fine silt accumulated; (2) when high input of 
coarse silt with sand and to a lesser degree fine silt 
and clay prevailed; (3) when there is high input of 
sand under high energetic levels and a proximal se-
diment source; (c) a lake of intermediate size relates 
to abundant shallow vegetation and major accumu-
lation of fine and coarse silt with important input of 
clay and some sand; these conditions point to inter-

visual subdivision served the stratigraphic descrip-
tion. Pollen records were made with AutoCAD 
2007 LT software. A developed script to convert the 
CONISS output file was used to construct a reada-
ble file for drawing the dendrogram in AutoCAD.

4. Results

Here we present the results of the core interval from 
26.21 to 58.58 m reflecting the period from 284 to 
130 ka (Groot et al., 2011). This period includes 
MIS 8 to 6 and the transition to MIS 5. Based on 
CONISS cluster analysis we recognized 11 zones 
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reflecting the local vegetation development (Fig. 5; 
Table 2) and 10 zones in the regional vegetation de-
velopment (Fig. 6; Table 3). Evidence of GSD and 
organic matter content follows Vriend et al. (in re-
view) and is shown in the local pollen diagram (Fig. 
5) and allows to compare vegetation change with 
changes in the sedimentary environment.

5. Reconstruction of environmental and 
climatic change

5.1 Local environmental changes in the lake 
basin

The following reconstruction of the environment in 
the lake basin is based on the records of aquatics, 
algae, and the GSD (Fig. 5, Table 2). Reconstruc-
tions follow the 11 periods/zones and the 62 subzo-
nes indicated in Fig. 5.

Period 1 (284-260.2 ka); zone Fq-9C-L1
Part (a) shows 90% clay and peat in combination 
with swamp (Cyperaceae) and shallow water vege-
tation (Hydrocotyle, Myriophyllum, Ranunculaceae, 
Spirogyra and Zygnema) reflecting a low energetic 
depositional environment, a distal sediment source 
and small lake. During part (b) the share of fine and 
coarse silt, and the occasional input of sand, shows 
a more dynamic depositional environment while the 
water depth and surface slightly increased. During 
part (c) the presence of clay, fine silt and peat in 
combination with extensive swamp (Cyperaceae) 
and some shallow water (Hydrocotyle) vegetation 
point to a low energetic depositional environment, a 
distal sediment source and the reduction of the lake 
surface. During part (d) abundant fine and coarse 
silt in combination with abundant deep water vege-
tation (Isoëtes) and absence of peat shows a more 
energetic sediment transport and marked expansion 
of the lake and deeper waters. Part (e) includes a 
hiatus but shows at the start and end significant in-
put of sand, fine silt and clay in combination with 
equivalent shares of deep and shallow water vege-
tation (Isoëtes, Hydrocotyle, Myriophyllum) and 
swamp vegetation (Cyperaceae) pointing to a more 
proximal sediment source and a variety of deposi-
tional environments. In part (f) the proportions of 
clay and deep water vegetation increased pointing 
to a distal sediment source, a relatively quiet sedi-
mentary environment and the expansion of the lake. 
During part (g) the high proportions of clay (up to 
85%), the presence of peat and abundant swamp ve-

getation (Cyperaceae) indicate a very quiet or low 
energetic depositional environment with a distal 
sediment source, and small and very shallow lake. 
During part (h) deep water vegetation was very 
abundant (up to 85%) and most of the sediments 
were fine and coarse silt with some clay pointing to 
high lake levels and relatively low energetic depo-
sitional environments. The transition from part (g) 
to (h) reflects a rapid change in lake conditions. Du-
ring part (i) the shares of silt (coarse and fine), sand 
and shallow water vegetation increased pointing to 
a more proximal sediment source and slight reduc-
tion of the lake area.

Period 2 (260.2-244.5 ka); zone Fq-9C-L2
Part (a) shows abundant shore vegetation (Rumex) 
and shallow water vegetation (Hydrocotyle, Myrio-
phyllum, Ranunculaceae) while deposition of clay 
dominated pointing to an abundant presence of 
open and shallow water with peatland. Several ti-
mes this sedimentary regime was shortly interrup-
ted by higher energetic flows of sand and coarse 
silt while deep water vegetation increased. During 
parts (b) and (c) deep water vegetation was more 
abundant most of the time. During part (b) coar-
se silt was dominant and during part (c) fine silt, 
reflecting the sediment source changed to a more 
distal position. During part (d) clay and coarse silt 
dominated the sediments while shallow water ve-
getation dominated in a lake of intermediate size. 
During part (e) clay (up to 90%) dominated the se-
diments while shore vegetation (Rumex), swamp 
vegetation (Cyperaceae), and shallow water vege-
tation (Hydrocotyle, Ranunculaceae) reached equal 
proportions pointing to a very quiet/low energetic 
sedimentary environment with a distal sediment 
source, and a considerable reduction of the lake. 
During part (g) lake conditions were similar to part 
(e) and the interruption reflected by part (f) shows 
increased proportions of fine silt and shallow water 
vegetation (Hydrocotyle, Myriophyllum) pointing 
to a short lasting expansion and higher lake levels 
with higher energetic sediment supply to the lake.

Period 3 (244.5-229.8 ka); zone Fq9C-L3
Parts (a) and (b) show very high proportions of peat 
while swamp conditions dominate in the lake poin-
ting to a very low water level. There is some supply 
of fine silt, coarse silt, and sand suggesting there is 
a proximal sediment source, possibly reflecting the 
streamline through the lake was at close distance. 
Presence of wet shore vegetation (Polygonum and 
Rumex) and occasional presence of Spirogyra also 
point to stagnant and shallow water. Part (c) conti-
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Table 2. Concise description of the local pollen zones from record Fq-9C of Lake Fúquene for the interval from 26 to 
58.3 m, reflecting marine isotope stages 8 to 6.  Letters in brackets refer to smaller intervals with characteristic pollen 
spectra and grain size distributions. Deep water taxa include: Isoëtes and Potamogeton; shallow water taxa include: 
Apiaceae, Hydrocotyle, Ludwigia, Myriophyllum, Ranunculaceae, and Typha; swamp taxa include: Cyperaceae; wet 
shore vegetation include: Polygonum and Rumex. Percentages refer to the main diagram.

Pollen Zone Pollen diagram main features
Fq-9C-L1
5833-5463 cm
284 samples

This zone is characterized by a change from shore and swamp taxa to deep water taxa. 
In the first part (a-c) pollen spectra show high percentages of swamp taxa and minor 
proportions (1-20%) of shore taxa, shallow water taxa, and deep water taxa. In the 
second part (d-f) proportions of deep water taxa increase to 35-55% and representation 
of swamp taxa in particular is lower. In the third part (g) swamp taxa are dominating 
(80%) and deep water and shore taxa are hardly represented. In the fourth part (h-i) 
deep water taxa (45-85%) and shallow water taxa (20%) dominate and wet shore taxa 
are absent. Algae represented by Zygnema and Spirogyra show a few percent.

Fq-9C-L2
5460-5114 cm
259 samples

This zone is characterized by high proportions of shallow water taxa, and alternating 
significant proportions (0)5-20(50)% of shore and deep water taxa. In the first part (a) 
percentages of shallow and shore are most conspicuous. In the second part (b-c) deep 
water taxa increase and shore and swamp taxa show lower representation. In the third 
part (d-g) shore and shallow water taxa show highest proportions while swamp and 
deep water taxa show low percentages (5-15%)  Algae are significant.

Fq-9C-L3
5094-4785 cm
265 samples

This zone is characterized by high percentages of swamp taxa with a short interval 
where shore taxa show high percentages. In the first part (a-c) swamp taxa dominates 
(80-95%), shore taxa show 5-15% and shallow and deep water taxa are almost absent. 
The second part (d) includes a hiatus and percentages of shallow and deep water taxa 
increase to 30-50%. In the third part (e) representation of shore taxa (up to 30%) and 
shallow water taxa (up to 50%) dominate. In the fourth part (f-g) representation of 
shore taxa is low, shallow 20% and swamp up to 60%, while deep water taxa increase 
gradually to 20%. Algal spores of Spirogyra are significant.

Fq-9C-L4
4784-4523 cm
144 samples

This zone is characterized by two peaks of deep water taxa with a phase of shallow 
water taxa in between. The first part (a-c) deep water taxa reach a maximum of c. 70% 
and shallow water taxa show percentages up to 50%. The proportion of swamp taxa is 
accordingly variable as shore taxa remain constantly at low percentages. In the second 
part (d) shallow water (60%) and swamp taxa (35%) dominate. In the third part (e-g) 
deep water taxa reach a maximum of c. 55% and shallow water taxa show percentages 
up to 15%. The proportion of swamp taxa reach up 50% and shore taxa remain cons-
tantly at low percentages. 

Fq-9C-L5
4520-4396 cm
107 samples

This zone is characterized by alternating high proportion of swamp taxa (up to 80%) 
and shallow water taxa (20-50(70)%) while shore and deep water taxa show low per-
centages. In the first and second part shallow and swamp taxa dominate while in the 
third shore and deep water taxa increase.       

nues with abundant swamp vegetation but now in 
combination with clay and more shore vegetation 
(Rumex) pointing to a low energetic environment 
in the lake. During part (d), including a hiatus, deep 
water vegetation and fine silt and sand increased 
significantly while clay was supplied only at the 
end, pointing to higher energetic depositional en-
vironments and a slight expansion of the shallow 

waters in the lake. During part (e) sand and coarse 
silt disappeared while clay (up to 60%) and shore 
vegetation (up to 30%) became abundant pointing 
to quiet low energetic sedimentary environments. 
During part (f) the proportion of clay reached 80-
90%, peat up to 15% while swamp and shallow 
water vegetation dominated indicating constant 
low energetic levels, distal sediment source, and a 



60

Chapter 3

Pollen Zone Pollen diagram main features
Fq-9C-L6
4395-4003 cm
266 samples

This zone is characterized by high proportions of shore taxa (5-30%) and swamp taxa 
(60-80%) while deep water taxa are almost absent. In the first part (a-c) deep water taxa 
are poorly present and shallow water taxa reach only some 15-20% while the pollen 
spectra are dominated by swamp taxa and (60-70%) and shore taxa (5-30%). In the se-
cond part (d-g) deep water taxa reach maximally 5%, shallow water taxa continue with 
5-20%. Shore taxa reach the highest percentages of up to 50% and swamp taxa show 
lower proportions than in the previous part. Algae spores show low values. 

Fq-9C-L7
4002-3684 cm
275 samples

This zone is characterized by high values of swamp taxa (up to 80%) which gradually 
decrease while shallow water taxa increase (up to 50%), while shore and deep water 
taxa show values of 5-20%. In the first part (a) swamp taxa show highest propor-
tions (80%) and shallow and deep water taxa show similar low values of c. 10%. In 
the second part (b) deep and shallow water taxa increase up to 20% and swamp taxa 
show lower percentages accordingly. In the third part (c-e) shallow water taxa show 
30-50%. 

Fq-9C-L8
3683-3536 cm
143 samples

This zone is characterized by high values of deep water taxa (up to 75%). In the first 
part (a) deep water taxa (up to 75%) occur in combination with swamp taxa 30(60)%; 
shallow water taxa and shore taxa have low representation. In the second part (b) 
swamp taxa dominate with 75% and deep water taxa reach maximally 7%. In the third 
part (b) representations are similar to part (a). 

Fq-9C-L9
3535-3199 cm
303 samples

This zone (a-e) is characterized by moderate proportions of shore taxa (4-10%) and 
high values of swamp taxa (70-85%) while shallow and deep water plants reach 15-
30%. These proportions are twice interrupted by intervals (b and d) with higher values 
of deep water taxa, while taxa of shallow water are lower.

Fq-9C-L10
3198-2890 cm
261 samples

This zone is characterized by high values of deep water taxa, but gradually proportions 
of shore and swamp taxa increase. In the first part (a) swamp taxa are dominant (up to 
85%). In the second part (b) deep water taxa (up to 40%) and swamp taxa (up to 55%) 
are most important. In the third part (c-e) deep water taxa show decreasing values 
(25 to 15%) and swamp taxa show increasing values (55 to 85%) and shore taxa also 
increase to 10%. 

Fq-9C-L11
2889-2621 cm
246 samples

This zone is characterized by high proportions of swamp taxa (up to 90%) and fluc-
tuating percentages of deep water taxa (between 5 and 20%). In the first part (a) deep 
water taxa are absent and pollen spectra are dominated by swamp taxa (85%) and shore 
taxa (5-15%). The second part (b-c) shows two identical sequences starting with in-
termediate values of deep water taxa (up to 15%)  followed by increasing proportions 
of shallow water taxa (5-12%), and swamp taxa (80-90%) while shore taxa show low 
values (3-10%). In the third part (d-e) deep water taxa increase to 20%, shore taxa 
decrease to low values (2%) and swamp taxa are dominant (70-90%).

shallow and very small lake. During part (g) a pulse 
of sand supply occurred before proportions of coar-
se silt increased and deep water conditions became 
more abundant, pointing to higher lake levels and a 
higher energetic depositional environment.

Period 4 (229. 8-218.2 ka); zone Fq-9C-L4
Parts (a) to (c) show a change from swamp (Cy-
peraceae) and shallow water (Hydrocotyle) condi-

tions, to abundant deep water vegetation (Isoëtes 
and some Potamogeton) and again to swampy and 
shallow water conditions (Hydrocotyle, Myriophy-
llum, Ranunculaceae). During this cycle sediments 
change from mainly coarse silt (a), to sand (b), and 
to coarse silt and later fine silt (c). Thus, this change 
of shallow-deep-shallow water conditions coinci-
des with an excursion from fine grained sediments, 
to coarse sand, and to fine grained sediments again 

Table 2. (Continued)
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reflecting a cycle from low to high to low energetic 
levels in the lake. Part (d) shows very high propor-
tions of clay (95%) while shallow water and swamp 
vegetation dominated pointing to very quiet depo-
sitional environments under low lake level condi-
tions. Parts (e) to (g) show a similar excursion as 
reconstructed for the parts (a) to (c). Proportions of 
coarse grained sediments were higher and shore ve-
getation was less abundant indicating that during the 
second excursion energetic levels were higher and/
or sediment sources more proximal. During parts 
(b) and (f), when sand is abundant, Isoëtes might 
have occurred on sandy surfaces along streams in 
the lake, reflecting a special setting that was descri-
bed by Torres et al. (2005). Under such conditions 
lake levels were less high as suggested by the pro-
portion of deep water taxa.

Period 5 (218. 2-212.5 ka); zone Fq-9C-L5
This zone shows abundant swamp and shallow 
water vegetation in combination with high propor-
tions of clay, pointing to quiet low energetic depo-
sitional environments in relative low lake level. In 
part (a) presence of some coarse silt coincides with 
abundant shallow water with Myriophyllum indica-
ting a relatively dynamic interval of this zone. Sig-
nificant representation of Zygnema and Spirogyra 
spores supports shallow water conditions. Part (c) 
shows similar conditions but Myriophyllum was 
less abundant and Hydrocotyle and Ranunculaceae 
were more abundant. High proportions of clay (up 
to 85%) and dominance of swamp vegetation in 
part (b) indicate low energetic conditions, a distal 
sediment source, and a relative small lake.

Period 6 (212.5-195.1 ka); zone Fq-9C-L6
During part (a) deposition of clay (up to 45%), the 
presence of peat, shore vegetation (Polygomum in 
particular) and abundant swamp is indicative of 
quiet low energetic sedimentary environments with 
relative low lake levels. In part (b), including a 
hiatus, proportions of shore vegetation and swamp 
vegetation continued; while abundances of peaty 
sediment, coarse silt and sand increased and clay 
was mostly absent, suggesting that high energetic 
and low energetic settings did simultaneously occur 
in the lake. In part (c) shore vegetation (Rumex, Po-
lygonum) reached the highest abundance, peat was 
well represented, and clay and fine silt reached high 
proportions, this all pointing to quiet low energetic 
environments and the expansion of reedswamps. 
During part (d) swamp vegetation and coarse silt 
dominated; supply of sand started when also clay 
was deposited but when sand input reached higher 

levels input of clay stopped, showing the energy le-
vel of depositional environments slightly increased, 
but the low energetic environment kept. Part (e) 
shows a significant input of sand (up to 45%) and 
coarse silt while proportions of deep and shallow 
water vegetation did not change. Absence of clay, 
but presence of shore vegetation suggests a small 
and shallow lake, a proximal sediment source, and 
high energetic depositional environments. During 
part (f) shore vegetation (Rumex and Polygonum), 
presence of peat, and supply of clayey sediments 
increased pointing to a distal sediment source, quiet 
depositional environments and a marked reduction 
of the lake surface. During part (g) sandy sediments 
dominated while shore and swamp vegetation was 
abundant. This setting contrasts with parts (b) and 
(f) from zone Fq-9C-L4 and we interpret this setting 
as a shallow quiet sedimentary environment with 
significant sand supplies by a local water current.

Period 7 (195.1-181 ka); zone Fq-9C-L7
During part (a) the high proportion of sand 45(70)% 
and sandy silt, in combination with very abundant 
swamp vegetation and low values of deep water 
plants indicate a high energy depositional environ-
ment with a proximal sediment source located in a 
wide swampy area. Lake levels were low to interme-
diate. During parts (b) to (d) there is a change from 
coarse to fine grained sediments which parallels with 
a change from swamp vegetation to shallow water 
vegetation; this trend points to increasing lake levels 
and more quiet depositional environments.  In part (e) 
input of sand and coarse silt returned while shallow 
water vegetation (Hydrocotyle, Ludwigia, Ranuncu-
laceae) and shore vegetation (Polygonum, Rumex) 
expanded, pointing to lower lake levels and a high 
energetic level of the depositional environment.

Period 8 (181-174.3 ka); zone Fq-9C-L8
This period shows most of the time (parts a and 
c) abundant deep water vegetation (50-75%) and 
swamp vegetation (20-40%) indicating high lake 
levels, but is interrupted by the short period (b) 
with low lake levels. Sediments in part (a) mainly 
consist of coarse silt (20-50%), but fine silt, clay, 
and also minimal proportions of sand are also pre-
sent. Low energetic depositional environments 
in deep waters are inferred. During part (b) deep 
water vegetation almost disappeared and swamp 
vegetation was abundant, coarse sediment fraction 
is absent and sediments consist of equal propor-
tions of fine silt and clay. Lake levels were low 
and there were quiet low energetic depositional 
environments with a distal sediment source. Du-
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ring part (c) deep water vegetation increased ra-
pidly and swamp area decreased. Sediments were 
mainly fine grained indicating that the energetic 
level in part (c) was lower than in part (a).

Period 9 (174.3-159 ka); zone Fq-9C-L9
During part (a) swamp vegetation dominated (65-
75%) with some shallow water and shore vegeta-
tion; mainly fine grained sediments, clay and fine 
silt were deposited indicating quiet low energetic 
depositional environments with intermediate water 
levels. During part (b) deep water vegetation in-
creased rapidly, clay almost disappeared and coarse 
silt became abundant showing higher water levels, 
a more proximal sediment source area, and sedi-
mentation processes at higher energetic levels. Du-
ring part (c) shallow water vegetation became more 
abundant (Hydrocotyle, Myriophyllum) and occu-
rred with swamp (Cyperaceae) and shore vegeta-
tion (Rumex). Clay (45-65%) and fine silt (20-40%) 
dominated the sediments while peat expanded sig-
nificantly. We infer very quiet low energetic deposi-
tional environments in a swampy environment. Du-
ring part (d), which includes a hiatus, peat expanded 
and sediments were mainly fine grained with clay 
dominating. Swamp and shallow water vegetation 
dominated, and quiet low energetic depositional 
environments with very low water levels prevailed. 
Part (e) shows continuing proportions of deep and 
shallow water (in total 25-35%), c. 35% coarse silt 
and a short pulse of sandy sediments. Swamp and 
shore vegetation, fine grained sediments and peat 
are dominant indicating low to medium water le-
vels, with an intermediate level of energy.

Period 10 (159-145.7 ka); zone Fq-9C-L10
During part (a) deep water vegetation increased but 
swamp vegetation remained most abundant. Fine 
grained sediments (clay and fine silt) are dominant 
indicating a distal sediment source, low energetic 
depositional environments and low to intermediate 
water levels. Part (b) shows higher proportions of 
deep water vegetation (35-50%), but swamp vege-
tation and fine silt sediments are dominant indica-
ting a rather distant sediment source, depositional 
environments with intermediate levels of energy, 
and high water levels. Part (c) shows significant in-
put of sand (20-40%) in addition to coarse silt whi-
le deep water vegetation is decreasing. Under these 
conditions Isoëtes may grow on sandy soils along 
water currents and therefore not indicating deep 
water. Swamp vegetation is dominant; it is plausi-
ble that supply of coarse grained sediments relate to 
the proximal streamline of the main water current 

through the lake. Part (d) shows high proportions 
of coarse silt and some spikes of sandy sediments 
while deep water vegetation is present. Swamp ve-
getation (Cyperaceae) is dominant and shore vege-
tation (Rumex and Polygonum) is present. We infer 
relatively high energetic depositional environments 
and low to intermediate water levels. During part 
(e) there is again significant input of sand while 
conditions of the previous interval hardly changed.

Period 11 (145.7-134.1 ka); zone Fq-9C-L11
During part (a) the sediments consist of clay and 
peat while shore vegetation (Rumex) and swamp 
vegetation (Cyperaceae) dominate, indicating very 
low water levels and low energetic depositional 
environments. During part (b) shore (Rumex) and 
swamp vegetation was abundant but also shallow 
water vegetation occurred (Hydrocotyle, Myrio-
phyllum, Ranunculaceae). Peat almost disappeared 
and sediments show equal proportions of sand and 
coarse silt, and clay and fine silt. We infer higher 
water levels with depositional regimes varying from 
stable and low energetic (distal sediment source) to 
moderate energy levels when sediments originate 
from a smaller distance. During part (c) vegetation 
conditions are identical to the previous interval but 
the proportion of fine grained sediments increased 
to some 80% while sand is absent. This suggests 
a more distal sediment source, and a lower energy 
depositional environment. Part (d) shows presence 
of sand and coarse silt, more deep water vegetation, 
and absence of peat, all pointing to a more proxi-
mal sediment source, higher energetic depositional 
environments and low lake levels. Part (e) shows 
presence of deep water vegetation and some 25% 
of coarse silt suggesting some energetic sediment 
transport. But abundant swamp vegetation in com-
bination with significant proportions of clay and fine 
silt point to low energetic depositional environments 
with a distal sediment source on the average. 

5.2 Regional vegetation change

Here we present the reconstruction of vegetation 
change in a wide area around Lake Fúquene (Fig. 6 
and Table 3). Reconstructions follow the 10 periods/
zones and the 52 subzones indicated in Fig. 6.

Period 1 (284-264 ka); zone Fq-9C-R1
High proportions of subpáramo and grasspáramo vege-
tation show that the lake was most of the time surroun-
ded by páramo, pointing to glacial conditions. Only 
during the intervals (a), (b) and (d) AP% reach slightly 
over 40% showing the UFL had reached ~2600 m.
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During part (a) AP of 45-40% indicates the UFL 
was at 2600 m. Quercus (up to 25%) was dominant 
near the UFL together with Hedyosmum, Myrica, 
Podocarpus, and Weinmannia. Other taxa of the 
Andean forest were Eugenia, Miconia, Ilex, and 
Vallea. Subpáramo shrub was very limited while 
grasspáramo extended from ~2650 m upslope and 
contained significant proportions of Poaceae, Vale-
riana, Lysipomia, and Caryophyllaceae. Presence 
of Dodonaea suggests relatively dry conditions, 
which are confirmed by the local vegetation domi-
nated by swamp and shore taxa. During part (b) the 
UFL changed little in altitude but now Alnus beca-
me the most abundant tree, while Quercus almost 
disappeared. Hedyosmum and Podocarpus dimi-
nished while Myrica and Symplocos increased in 
proportions. Subpáramo vegetation was abundant 
from ~2650-2900 m. Scattered presence of Cheno-
podiaceae and the local predominance of swamp 
and shallow taxa are indicative of dry conditions. 
During part (c) the AP% decreased to 25% indica-
ting the UFL shifted downslope to ~2300 m. Aste-
raceae and Hypericum dominated the subpáramo 
around the lake. Poaceae and Plantago in particu-
lar were abundant and Draba and Geranium were 
also conspicuous. As Alnus does not occur above 
the UFL the 20% representation of Alnus reflects 
aeolian pollen transport. This high level of back-
ground noise corresponds with the observations in 
the adjacent Bogotá Basin (Hooghiemstra, 1984: p. 
72). During part (d) AP% increased to 50% indica-
ting the UFL shifted to ~2700 m. In the uppermost 
Andean forest around the lake Myrica, Quercus, 
and Weinmannia were most important while Alnus, 
Eugenia, Hedyosmum, Miconia, Myrsine, Symplo-
cos, and Vallea were also conspicuous. Hypericum 
dominated in the subpáramo, and Poaceae and 
Plantago in the grasspáramo. During part (e) AP% 
of ~25% indicate the UFL was at 2300 m. Subpára-
mo vegetation surrounded the lake and Ericaceae, 
Hypericum and Polylepis were abundantly present. 
In the grasspáramo above ~2600 m Poaceae, Plan-
tago, Geranium, and Caryophyllaceae were cons-
picuous. In the first part Asteraceae and Polylepis 
were more abundant and in the last part (including 
a hiatus) more Poaceae and Caryophyllaceae. Du-
ring part (f) 25-30% AP% indicates the UFL was at 
2300-2400 m. Hedyosmum and Podocarpus show 
high proportions suggesting both taxa were abun-
dant in the uppermost Andean forest. Subpáramo 
surrounded the lake up to ~2650 m and Asteraceae, 
Hypericum and Polylepis were most abundant. In 
the grasspáramo Poaceae, Plantago, Geranium, Va-
leriana, and Caryophyllaceae were conspicuous.

Period 2 (264-243.7 ka); zone Fq-9C-R2
High proportions of grasspáramo most of the time 
and significant percentages of subpáramo vegeta-
tion show that the lake was generally surrounded 
by grasspáramo, pointing to glacial conditions. 
AP% did not reach over 40% indicating the UFL 
was continuously below the level of the lake.

During part (a) AP values of ~35% indicate the UFL 
was at ~2450 m, but several times Alnus peaked up 
to 40% indicating that the UFL was dynamic and 
reached several times the elevation of the lake for a 
short time. Miconia, other Melastomataceae, Quer-
cus, Alnus and Weinmannia were most conspicuous 
in the uppermost Andean forest. Subpáramo vege-
tation was limited to a narrow belt that reached the 
lake and vegetation was dominated by Hypericum 
and Polylepis. Grasspáramo was particularly rich 
in Caryophyllaceae, Geranium, and Plantago. Du-
ring part (b) AP% of ~20% indicate the UFL was 
at ~2200 m. Subpáramo vegetation expanded to 
a wider altitudinal belt as in known from modern 
conditions and reached to ~2700 m; Asteraceae, 
Ericaceae, and Polylepis were abundant. Valeriana 
was conspicuous in the grasspáramo. During part 
(c) AP% of 20-25% indicate the UFL was at ~2200 
m. Myrica, Quercus, Weinmannia, and Alnus show 
highest values suggesting these taxa were dominant 
in the uppermost Andean forest. Subpáramo vege-
tation was also located below the elevation of the 
lake (~2200-2500 m), and very high percentages of 
grasspáramo taxa shows the lake was surrounded by 
grasspáramo. Poaceae, Plantago, Lycopodium, Ge-
ranium, and Aragoa were conspicuous. During part 
(d) AP% of 20(40)% indicate the UFL was at ~2200 
(2550) m. Alnus shows a strongly fluctuating record 
which probably reflects dynamic aeolian pollen 
transport to the lake. Subpáramo vegetation is well 
represented and the high values (up to 50%) suggest 
it occurred also around the lake. Asteraceae, Erica-
ceae, Hypericum and Polylepis were abundant. Also 
Asteraceae Lactucoideae were conspicuous. In the 
grasspáramo Caryophyllaceae, Geranium, Lycopo-
dium, Plantago and Puya were abundant.  During 
part (e), which includes a hiatus, AP% of ~15% in-
dicate the UFL was around ~2100 m. Subpáramo 
vegetation is little represented: Hyperium and Po-
lylepis seem most abundant. Grasspáramo vegeta-
tion is all around the lake and Gentiana, Geranium 
and Plantago are conspicuous. During part (f) AP% 
of 40% indicate the UFL came close to the elevation 
of the lake. Myrica, Podocarpus, Quercus, Alnus, 
and Symplocos were abundant in the uppermost 
Andean forest. Subpáramo vegetation shows high 



66

Chapter 3

Table 3. Concise description of the regional pollen from record Fq-9C of Lake Fúquene for the interval from 26 to 
58.3 m reflecting marine isotope stages 8 to 6. Letters in brackets refer to smaller intervals with characteristic pollen 
spectra. Percentages refer to the main diagram. AP = Arboreal Pollen

Pollen Zone Pollen diagram main features
Fq-9C-R1
5833-5541 cm 
239 samples

In part (a) AP shows 40%; Quercus is most dominant. Subparámo shows 10-20%, and 
grasspáramo taxa 25-50%. In part (b) AP is ~45% but Quercus is now replaced by Al-
nus. Proportions of subparámo taxa increased to 20-30% and percentages of grasspáramo 
taxa lowered to 10-18%. Dry taxa are significantly present. Part (c) includes a hiatus; AP 
lowered to 25-30% and Alnus continued to be dominant. Proportions of subpáramo taxa 
show 25-30% and percentages of grasspáramo increased to 40%. Part (d) shows 50% AP 
and Alnus continued to be dominant. Values of subpáramo show 20-25% and grasspáramo 
values show 25-35%. Part (e) includes a hiatus and shows AP values of 25-30% and Alnus 
continued to be dominant. Subpáramo taxa reach 25-35% and grasspáramo taxa 50-60%. 
In part (f) AP values show 30% and Alnus continues to be dominant. Subpáramo taxa reach 
values of 40-50% and grasspáramo taxa 25-35%.    

Fq-9-2R
5114-5540 cm
305 samples

In part (a) AP reaches fluctuating values of 25-35%; Quercus is present but Alnus is domi-
nant. Subpáramo taxa show 20-40%, and grasspáramo taxa 25-45%. In part (b) AP values 
lower to 20% and Alnus is dominant. Subpáramo taxa show 40%, and grasspáramo taxa 
35-50%.  In part (c) AP percentages are mostly between 15-30%, but peaks reach to 45%. 
Subpáramo values fluctuate between 15-40%, and grasspáramo fluctuate between 25-75%. 
In part (d) AP percentages are mostly around 25% but peaks reach 40%. Subpáramo taxa 
show 40%, decreasing to 25% in the top, and grasspáramo taxa fluctuate between 25-45% 
increasing to 60% in the top. Part (e) includes a hiatus; AP show 10-20%. Subpáramo 
values show 15-20%, and grasspáramo taxa 45-65%. In part (f) AP values increase to 25-
40%; Alnus is dominant. Subpáramo taxa increase from 30% to 40%, and grasspáramo taxa 
lower from 35-45% to 20% in the top of this interval. Part (g) includes a hiatus; AP show 
30%: Quercus is present but Alnus is dominant. Subpáramo taxa reach 15%, and grasspá-
ramo taxa 60%.

Fq-9C-3R
5094-4815 cm
236 samples

In part (a) AP reaches 55-70% and Quercus and Alnus are dominant. Subpáramo taxa show 
very low values of <5%, and grasspáramo values increase from 10% to 25%. In part (b) 
AP reach 65-85%: in particular Weinmannia and Myrica show high proportions; Quercus 
and Alnus have only a small share of it (<15%). Subpáramo taxa lower from 35% to 5%, 
and grasspáramo taxa show low values of <10%. In part (c) AP show values of 60-75% 
and Quercus and Alnus have a significant share of it. Subpáramo taxa show values <15%, 
grasspáramo taxa values of 15-35%, and dry vegetation is represented with values up to 
4%. Part (d) mainly reflects a hiatus. Part (e) shows AP values of 80-90%. Subpáramo and 
grasspáramo taxa show values <10% and dry vegetation is represented with values of 2-5%. 
Part (f) shows increasing values of AP from 40% to 65%. Quercus and Alnus both have 
significant shares of these proportions. Subpáramo values decrease from 30% to 10%, and 
grasspáramo values decrease from 35% to 20%. In the upper interval dry vegetation shows 
high values up to 25%. In part (g) AP percentages start at 80% and decrease to 60-55%; 
Quercus is present and Alnus has a significant share. Subpáramo values are around 20%. 
Grasspáramo values starts at 5%, show a peak of 35%, and lower to c. 10%.
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Table 3. (Continued)

Pollen Zone Pollen diagram main features
Fq-9C-4R
4814-4383 cm
293 samples 

In part (a) AP values decrease from 60% to 30%; Quercus is now almost absent and Alnus is 
dominant. Values of subpáramo taxa increase from 15% to 40%, and grasspáramo taxa from 
15% to 35%.  In part (b) AP show 40%, with a peak of 50% when the proportion of Quer-
cus increases; Alnus is dominant. Subpáramo values fluctuate between 25% and 40%, and 
grasspáramo between 20% and 30% with peaks up to 45%. In part (c) AP values are close to 
40% and Alnus is dominating. Subpáramo values vary between 25% and 40%, grasspáramo 
values vary between 20% and 35%. In part (d) AP values start at 40% and increase to 75%; 
the largest part of these percentages come from Alnus.  Subpáramo taxa decrease from 20% 
to 5%, and grasspáramo taxa from 25% to 15%. In part (e) AP percentages fluctuate between 
30% and 40%; Alnus is dominant. Subpáramo values show 15-20%, and grasspáramo taxa 
show values between 35% and 55%. In part (f) AP percentages vary between 40% and 60%; 
there are relevant proportions of subandean forest, Quercus, and dry vegetation present. 
Subpáramo taxa sshow values of 10-30%, and grasspáramo taxa range from 20-35%.

Fq-9C-5R
4382-4000 cm
256 samples

In part (a) AP values increase from 60% to 90%; both Quercus and Alnus contribute signi-
ficantly. Subpáramo taxa decrease from 15% to 5%, and grasspáramo taxa decrease from 
20% to <5%. Part (b) includes a hiatus. AP values fluctuate around 70%; Quercus is present 
and Alnus is dominant. There is a significant proportion (3-8(20)%) of dry taxa. Subpáramo 
taxa show values between 10% and 20%, grasspáramo taxa show values around 10%. In 
part (c) AP values show a minimum of ~50%. Subpáramo taxa show 15-20%, grasspáramo 
taxa show decreasing values from 20% to 10%. Taxa of dry vegetation are absent. In part 
(d) AP percentages show 70% and decrease last part to 55-60%. Quercus is continuously 
present and Alnus is dominant. Subpáramo taxa show values of 20%, grasspáramo taxa 
show values of 15% and increase in the last part to 20%. There is a low representation 
(2-3%) of dry vegetation.

Fq-9C-6R
3999-3661 cm
296 samples

In part (a) AP percentages vary between 45-60%. Quercus is continuously present and 
Alnus is dominant. Subpáramo taxa show 20%, grasspáramo taxa show 20-35%. In part 
(b) AP values decrease to ~35%. Quercus is continuously present and Alnus is dominant. 
Subpáramo taxa show 25-30%m and grasspáramo taxa show 35%. In part (c) AP values 
vary from 45-55%. Quercus shows some 10% and Alnus is dominant. Subpáramo taxa 
show 15-20% and grasspáramo taxa show 30-40%. Part (d) includes a hiatus. AP values 
show 30-40%. Subpáramo taxa show 25-30% and grasspáramo taxa 25-30%. In part (e) AP 
values show 60-65%. Quercus is continuously present and Alnus is dominant. Subpáramo 
taxa show values of 20% and grasspáramo taxa show values of 20% in the last part increa-
sing to 30%. 

Fq-9C-7R
3660-3450 cm
206 samples

In part (a) AP values show 40-45%. Quercus is present and Alnus is dominant. Subpáramo 
taxa show values of 15% increasing to 30%. Grasspáramo taxa show values of 30% increa-
sing to 45%. In part (b) AP values decrease to 30%. Quercus is continuously present and 
Alnus is dominant. Subpáramo values vary between 10% and 20%, Grasspáramo taxa vary 
from 55% to 45%. In part (c) AP values vary between 35% and 45%. Quercus is present 
and Alnus is dominant. Subpáramo taxa show values of 20% to 40%. Grasspáramo taxa 
show 30-40%.
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Pollen Zone Pollen diagram main features
Fq-9C-8R
3438-3157 cm
259 samples

In part (a) AP show values of 40%. Quercus is present and Alnus is dominant. Subpáramo 
taxa show 10-20%. Grasspáramo taxa show 35-45%. In part (b) AP values show 50-65% 
The proportion of Quercus (6%) is higher and Alnus is dominant. Subpáramo taxa show 
values of 10%, and grasspáramo taxa 25-40%. Part (c) mainly consists of a hiatus. In part 
(d) AP taxa show values of 45-55%. Quercus shows some 6% and Alnus is dominant. 
Subpáramo taxa show values of 15%. Grasspáramo taxa show values of 35%. In part (e) AP 
taxa show increasing values from 25% to 40%. Quercus is present and Alnus is dominant. 
Subpáramo taxa show values of 5% increasing to 15%. Grasspáramo taxa show values of 
70% decreasing to 40-50%. In part (f) AP values reach 65%. Quercus is present and Alnus 
is dominant. Subpáramo taxa show 10% and grasspáramo taxa show 20%. In part (g) AP 
values reach to 30%

Fq-9C-9R
3156-2889 cm
220 samples

This zone is very uniform. AP shows values of 25-40%. Quercus is present most of the time 
and Alnus is dominant. Subpáramo taxa show values of 25-40%. Grasspáramo taxa show 
values of 35-45%.

Fq-9C-10R
2888-2621 cm
245 samples

In part (a) AP taxa reach twice minimum values of 10%. In between AP values reach 25% 
and in those intervals Quercus contributes with some 8%. Subpáramo taxa are almost ab-
sent and grasspáramo taxa show 50-80%. In part (b) AP taxa reach values of 40% Alnus 
is dominant. Subpáramo taxa show some 30%. Grasspáramo taxa show 30-40%. In part 
(c) AP taxa reach values of 25-30%. Alnus is dominant. Subpáramo taxa show 20-25%. 
Grasspáramo taxa show 45-55%. In part (d) AP taxa reach values of 40-50%. Alnus is 
dominant. Subpáramo taxa show values around 15%. Grasspáramo taxa show values of 
25-40%.  Part (e) AP taxa reach values of 10%, Alnus is dominant Podocarpus, Myrica and 
Hedyosmum are important. Subpáramo taxa show values of 15%. Grasspáramo taxa show 
65%. Part (f)   includes a hiatus. AP taxa show values of 18-30 (60) % Quercus is conti-
nuously present and Alnus is dominant. Grasspáramo taxa show values of 25-35%.

proportions (up to 40%) indicating the lake was su-
rrounded by a wide belt (2500-2800 m) of subpá-
ramo vegetation in which Asteraceae, Ericaceae, 
Hypericum, and Polylepis were abundant. In the 
grasspáramo Aragoa, Caryophyllaceae, Geranium, 
and Lycopodium were conspicuous. During part (g) 
AP% of 30% indicate the UFL was at ~2300 m (the 
later interval represents a hiatus). Myrica, Alnus and 
Quercus were abundant in the uppermost Andean fo-
rest. The subpáramo shows low values pointing to 
a narrow altitudinal belt (2300-2500 m) which did 
not reach the elevation of the lake. Most conspicuous 
were Asteraceae, Hypericum and Polylepis. Grasspá-
ramo was abundant and this vegetation started just 
below the elevation of the lake. Caryophyllaceae, 
Geranium, Lycopodium, Plantago and Valeriana 
were conspicuous.

Period 3 (243.7-231.2 ka); zone Fq-9C-R3
Most of the time AP% is >40% showing the lake 

was almost continuously surrounded by forest. Du-
ring intervals (b), (e), and (g) AP% peaked up to 
>80% showing the UFL reached periodically 3300 
m. Interglacial conditions prevailed.

During period (a) AP% of 65% indicate the UFL 
migrated up to ~3000 m Quercus, Podocarpus, Al-
nus and Myrica were dominant in the Andean forest 
and Hedyosmum, Myrsine, and Weinmannia were 
conspicuous. Low values of subpáramo taxa, mainly 
Hypericum, indicate this belt was limited. Grasspá-
ramo occurred in areas above ~3200 m and only 
Poaceae and Valeriana are registered. For the first 
time in the record Dodonaea attains significant va-
lues (up to 15%) suggesting the rapidly upslope shi-
fting ecosystems left bare soil on which Dodonaea 
pioneered. During part (b) AP% of 85% the UFL 
was at ~3400 m. Most of this proportion was made 
up of Ilex, Miconia, Myrica, Podocarpus, Quercus, 
and Weinmannia, while Alnus was scarce in the An-

Table 3. (Continued)
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dean forest. Subpáramo vegetation occurred on the 
highest tops of the mountains, while grasspáramo, 
potentially above 3600-3700 m hardly occurred as 
mountains do not reach these elevations in the su-
rrounding area. Borreria attained significant repre-
sentation suggesting relatively dry climatic condi-
tions, conditions equally supported by expansion of 
swamp vegetation and development of peat in the 
lake area. During part (c) AP% of 60% indicate the 
UFL shifted downslope to ~2900 m. Myrica, Quer-
cus, Alnus and Podocarpus kept high proportions in 
the Andean forest but other taxa conspicuous in the 
previous interval reduced in relevance. Abundant 
vegetation of Dodonaea shows bare soil is frequent 
during this period of rapid environmental and clima-
te change. Subpáramo was limited and mainly made 
up of Polylepis dwarf forest. Grasspáramo, mainly 
represented by Poaceae, occurred above ~3200 m. 
Part (d) mainly reflects a hiatus in the record. Du-
ring part (e) AP% of >80% indicate the UFL was 
at ~3400 m. Main taxa in the Andean forest were 
Hedyosmum, Ilex, Miconia, other Melastomataceae, 
Myrica, Podocarpus, Quercus, Symplocos, Vallea, 
and Weinmannia. A representation of 10% of Alnus 
indicates this tree was locally not present in the An-
dean forest. Thus forest composition differed signifi-
cantly from part (b). Subpáramo vegetation occurred 
on the highest tops of the mountains and Hypericum 
was most abundant. Grasspáramo, potentially abo-
ve 3600-3700 m hardly occurred as mountains do 
not reach these elevations in the surrounding area. 
Borreria attained significant values suggesting re-
latively dry climatic conditions. During part (f) in-
creasing AP% from 35% to 60% indicates the UFL 
shifted from 2500 m to ~2900 m. Myrica, Alnus 
and Quercus dominated the Andean forest, while 
Hedyosmum, Miconia, Podocarpus and Weinman-
nia were conspicuous. Subpáramo was dominated 
by Asteraceae, Hypericum, and Polylepis occurred 
from ~2900 to 3200 m. In the grasspáramo Car-
yophyllaceae, Geranium, Plantago, and Valeriana 
were conspicuous. At the end of this interval Borre-
ria became abundant suggesting climatic dryness, a 
condition confirmed by the local vegetation where 
shore vegetation expanded and peatland developed. 
During part (g) decreasing AP% from 80% to 60% 
indicate the UFL first reached ~3300 m and moved 
downslope to 2900 m. First, forest was dominated 
by Miconia and Alnus, and after the UFL lowered by 
Ilex, Quercus, Symplocos, and Vallea, while Myri-
ca and Weinmannia were continuously abundant. 
Subpáramo in particular was rich in Ericaceae and 
Polylepis, along presence of Hypericum and Astera-
ceae. Plantago was frequent in the grasspáramo.

Period 4 (231.2-211.9 ka); zone Fq-9C-R4
Most of the time AP% is around 40% indicating the 
UFL was near the elevation of the lake. During in-
tervals (b), (d), and (f) AP% are >40% showing the 
UFL periodically shifted to higher elevations and 
the lake was surrounded by forest. Interglacial con-
ditions prevailed.

During part (a) lowering AP% from 60% to 30% 
indicate the UFL migrated from 2900 m to 2400 
m. Myrica, Weinmannia and Alnus were most abun-
dant in the Andean forest, and Hedyosmum, Mico-
nia, Podocarpus, Symplocos and Vallea were also 
conspicuous. There was a broad subpáramo belt in 
which Asteraceae, Hypericum and Polylepis were 
abundant. In the grasspáramo Aragoa, Caryophylla-
ceae, Geranium, Lycopodium, Plantago, and Puya 
showed significant proportions. During part (b) 
AP% of 50% indicate the UFL is ~2700 m. In the 
Andean forest Myrica, Quercus and Alnus in parti-
cular reached high proportions and replaced Myrica 
and Podocarpus. Subpáramo vegetation was limi-
ted in vertical extension to ~2700-2900 m and As-
teraceae and Hypericum dominated the vegetation. 
Grasspáramo occurred above 2900 m with Poaceae, 
Caryophyllacaeae, Plantago, and Valeriana. Du-
ring part (c) fluctuating AP% close to 40% indicate 
the UFL was just below the level of the lake. Taxa 
with highest proportions, Alnus, Hedyosmum, Ilex, 
Miconia, Myrica, Podocarpus and Weinmannia do-
minated the uppermost Andean forest. Subpáramo 
vegetation was dominated by Asteraceae, Ericaceae 
and Polylepis; the latter must have been important 
at the UFL and as dwarf trees in the shrubpáramo. 
The grasspáramo extended from 2800 m upslope 
and Poaceae, Lycopodium, Geranium and Vale-
riana were the most conspicuous elements. Du-
ring part (d) AP% of 70% indicate the UFL was at 
~3100 m. Alnus, Hedyosmum, Myrica and Quercus 
dominated the Andean forest while Miconia, Myrsi-
ne, and Podocarpus were conspicuous. Subpáramo 
was limited to ~3300 m. Grasspáramo occurred at 
elevations over 3300 m and Lycopodium and Vale-
riana attained relevant proportions in the vegeta-
tion. During part (e) lowering AP% to 30% indicate 
the UFL shifted down slope to ~2400 m. Alnus and 
Myrica were the most important taxa in the Andean 
forest while Hedyosmum, Quercus, and Podocar-
pus had significant cover in the forest. Low values 
of subpáramo taxa (20-30%) indicate the subpára-
mo, mainly made up of Hypericum and Polylepis 
had a limited vertical extension (~2400-2550 m). 
Grasspáramo surrounded the lake and was domi-
nated by Poaceae while Valeriana and Lycopo-
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dium were conspicuous. During part (f) increasing 
AP% to 60% indicate the UFL reached ~2900 m 
and lowered to ~2700 m afterwards. Andean forest 
was mainly made up of Alnus, Clethra, Eugenia, 
Hedyosmum, Ilex, Miconia, Myrica, Myrsine, Po-
docarpus, Quercus, Vallea, and Weinmannia. Some 
taxa of the subandean forest (Acalypha, Alchornea, 
Cecropia, and Urticaceae-Moraceae) reached high 
values indicating these taxa migrated into the lower 
Andean forest and changed its composition. Subpá-
ramo was dominated by Asteraceae and Hypericum 
while Ericaceae and Polylepis were conspicuous. 
Subpáramo occurred from 2900-3100 m, later from 
2700-3100 m. Grasspáramo vegetation was domi-
nated by Poaceae.

Period 5 (211.9-195 ka); zone Fq-9C-R5
During most of the time AP% is >60% showing the 
UFL was most of the time 2900-3000 m, pointing 
to interglacial conditions. During intervals (a), (b), 
and (d) AP values peaked.

During part (a) increasing AP% from 60% to 90% 
indicate the UFL migrated from ~2900 m to ~3500 
m. Quercus became increasingly more abundant sug-
gesting that Quercus was most abundant in the lower 
part of the Andean forest. Alnus, Myrica, Podocar-
pus, and Quercus were most abundant in the Andean 
forest while Eugenia, Ilex, Myrsine, Symplocos, 
and Weinmannia were also conspicuous. Subpára-
mo consisted mainly of Asteraceae and Hypericum 
and stretched from ~2900-3100 m to ~3500-3700 
m. Grasspáramo, mainly consisting of Poaceae and 
Valeriana occupied the highest parts of the moun-
tains. Part (b) starts with a hiatus. AP% of 70-75% 
indicate the UFL was at 3100-3200 m. Andean fo-
rest mainly consisted of Alnus, Myrica, Podocarpus, 
Quercus, and Weinmannia, while Hedyosmum, Ilex, 
Melastomataceae, Myrsine, and Symplocos were 
also conspicuous. Subpáramo vegetation was alti-
tudinally limited; Asteraceae were dominant, while 
Ericaceae, Hypericum and Polylepis attained lower 
cover. Grasspáramo occurred above ~3300-3400 m 
and, therefore was limited to mountain tops. Borre-
ria was relatively abundant suggesting dry climatic 
conditions, a condition corroborated by the abun-
dant shore and swamp vegetation and development 
of peatland in the lake area. During part (c) lowering 
AP% to ~50% indicate the UFL was at ~2600 m. 
Andean forest mainly consisted of Alnus, Myrica 
and Podocarpus, while Eugenia, Hedyosmum, Ilex, 
Quercus, Symplocos and Weinmannia attained lower 
representation in the forest. Subpáramo was domi-
nated by Asteraceae, Ericaceae, and Polylepis and 

occurred from ~2700-3000 m. Grasspáramo consis-
ted of Poaceae, Geranium, Lycopodium, Plantago, 
and Valeriana. During part (d) AP% of ~70%, and 
subsequently lowering to 60%, indicate the UFL 
shifted from ~3100 m to 2900 m. Alnus, Myrica, 
Quercus, and Weinmannia were abundant in the An-
dean forest while Eugenia, Hedyosmum, Ilex, Mico-
nia, Podocarpus, and Symplocos were conspicuous. 
Subpáramo vegetation consisted of Asteraceae, Eri-
caceae, and Polylepis while Hypericum was scarce. 
Grasspáramo was present above elevation of first 
3400 and later 3200 m, and Caryophyllaceae, Gera-
nium, Lycopodium, Plantago and Valeriana were the 
most important taxa. Presence of Borreria lowered 
in the last part of this interval suggesting drier con-
ditions. Expansion of shore and swamp vegetation 
confirm this period of drier conditions.

Period 6 (195-180 ka); zone Fq-9C-R6
During this period AP% are between 40-60% indi-
cating the UFL shifted between the level of the lake 
and 2900 m, pointing to interglacial conditions. Du-
ring intervals (a) and (c) AP% peak.

During part (a) AP% of 45-50% indicate the UFL 
was at ~2700 m. Alnus, Myrica, Quercus, and Po-
docarpus were dominant while Eugenia, Hedyos-
mum, Ilex, Miconia, Myrsine, and Weinmannia are 
conspicuous. Subpáramo vegetation occurred from 
2700-3000 m; Polylepis is most abundant while 
Asteraceae, Ericaceae and Hypericum are conspi-
cuous. In the grasspáramo Poaceae and Valeriana 
were abundant while Caryophyllaceae, Geranium, 
Lycopodium, and Plantago were conspicuous. Pre-
sence of Borreria, Chenopodiaceae and Dodonaea 
suggest relatively dry climatic conditions, which 
are also reflected by the abundance of swamp ve-
getation in the lake area. During part (b) decrea-
sing AP% to 35% indicate the UFL was close to 
the level of the lake. Alnus and Myrica were most 
abundant while Hedyosmum, Miconia, Podocar-
pus, Quercus, Symplocos, and Weinmannia were 
conspicuous. Subpáramo occurred from 2600-2900 
m and consisted mainly of Asteraceae, remarkably 
high proportions of Asteraceae Liguliflorae, Erica-
ceae, Hypericum, and Polylepis. Grasspáramo was 
made up of Poaceae, and a suite of páramo herbs: 
Caryophyllacaeae, Draba, Gentiana, Geranium, 
Lycopodium, Lysipomia, Plantago, Puya, and Va-
leriana. During part (c) AP% of 50% indicate the 
UFL shifted to 2700 m. Alnus, Quercus, Myrica, 
Podocarpus, Hedyosmum, and Weinmannia were 
most abundant while Eugenia, Miconia, Myrsine, 
and Symplocos were conspicuous. Subpáramo ve-
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getation was limited in its vertical range and oc-
curred from 2700 to 2900 m; the most important 
taxa were Asteraceae, Hypericum, and Polylepis. 
Grasspáramo occurred above 2900 m elevation 
and main taxa were Poaceae, Caryophyllaceae, 
and Valeriana. Most of part (d) represents a hiatus. 
Lowering AP% to 30% indicate the UFL lowered 
to 2300 m. Alnus, Myrica, Podocarpus, Quercus, 
Hedyosmum, and Symplocos were the most impor-
tant Andean forest taxa. Subpáramo occurred from 
2300-2600 m and mainly consisted of Asteraceae 
and Polylepis, and further of Hypericum and Eri-
caceae. Grasspáramo extended at elevations overt 
2600 m and apart of Poaceae, most prominent were 
Valeriana, Plantago, Lycopodium, Geranium, Dra-
ba, and Caryophyllaceae. During part (e) gradua-
lly decreasing AP%  from 65% to 50% indicate the 
UFL shifted from 3000 m to 2700 m. Alnus, Myri-
ca, Quercus, and Weinmannia were most abundant 
in the Andean forest while Eugenia, Hedyosmum, 
Ilex, Miconia, Myrsine, Podocarpus, Symplocos, 
and Vallea were conspicuous. Subpáramo extended 
over ~300 m altitudinally. Asteraceae and Ericaceae 
had a constant share in the subpáramo vegetation 
but the share of Hypericum and Polylepis gradually 
increased. Grasspáramo was dominated by Poaceae 
while Plantago, Lycopodium, Valeriana, Geranium, 
and Caryophyllaceae were conspicuous.

Period 7 (180-170.3 ka); zone Fq-9C-R7
Most of the time AP% is around 40% indicating the 
UFL was near the elevation of the lake but during in-
terval (b) páramo vegetation surrounded the lake. Cool 
conditions prevailed pointing to glacial conditions.

During part (a) AP% of 40-45% indicate the UFL was 
at 2500-2600 m. Alnus, Myrica, Quercus and Wein-
mannia were the most important taxa of the Andean 
forest while Eugenia, Ilex, Miconia, Myrsine, Sym-
plocos, Thalictrum and Vallea were conspicuous. 
The subpáramo vegetation consisted mainly of As-
teraceae, Hypericum, Polylepis, and less Ericaceae. 
In the grasspáramo the most important taxa were 
Poaceae, Plantago, Caryophyllaceae and Valeriana, 
and lower proportions of Aragoa, Draba, Gentiana, 
Geranium, and Lycopodium. During part (b) AP% of 
30% indicate the UFL was at 2400 m. Alnus, Quer-
cus, Myrica, and Weinmannia were the most impor-
tant taxa of the Andean forest while Eugenia, Ilex, 
Myrsine, Podocarpus, and Thalictrum were cons-
picuous. Subpáramo vegetation was mainly made 
up by Asteraceae, Hypericum, and Polylepis. In the 
grasspáramo most important were Poaceae, Planta-
go, Valeriana and Lycopodium, while Caryophylla-

ceae and Geranium were conspicuous. During part 
(c) AP% of 35-45% indicate the UFL was at 2450-
2650 m. Alnus, Myrica, and Quercus were the most 
important taxa of the Andean forest while Eugenia, 
Hedyosmum, Ilex, Miconia, Myrsine, Podocarpus, 
Symplocos, and Weinmannia were conspicuous. In 
the subpáramo, extending from 2650-3000 m, vege-
tation mainly consisted of Asteraceae, Hypericum, 
Polylepis, and Ericaceae. The grasspáramo occurred 
above elevations of 3000 m and consisted mainly of 
Poaceae, Valeriana, Lycopodium, Plantago, Caryo-
phyllaceae and Geranium.

Period 8 (170.3-157.2 ka); zone Fq-9C-R8
During this period AP% vary between 30% and 
60% indicating the UFL shifted between ~2300 and 
~2900 m. Intervals (b), (d), and (f) show peaking 
AP% mainly due to high proportions of Alnus. Gla-
cial conditions prevailed.

During part (a) AP% of 40% indicate the UFL was 
at the level of the lake. Alnus, Quercus, Myrica, and 
Weinmannia were dominant while Podocarpus, Va-
llea, Miconia, and Hedyosmum were conspicuous. 
Subpáramo extended from 2550 to ~2700 m and the 
vegetation was dominated by Asteraceae and Hy-
pericum, with a smaller contribution of Polylepis. 
Grasspáramo extended at elevations over ~2700 m 
and was dominated by Poaceae with small shares of 
Caryophyllaceae, Lycopodium, Plantago, and Va-
leriana. During part (b) AP% of 60% indicate the 
UFL was at 2900 m. Alnus and Quercus were the 
most important trees of the Andean forest, Wein-
mannia, and Myrica were also frequent, and Euge-
nia, Hedyosmum, Miconia, Myrsine, Podocarpus, 
and Vallea were conspicuous. Subpáramo vegeta-
tion had a limited distribution and was dominated 
by Asteraceae, Hypericum, and Polylepis. Grasspá-
ramo extended over elevations of 3200 m and was 
dominated by Poaceae and Plantago, while other 
páramo herbs were rare. Part (c) reflects a hiatus. 
During part (d) AP% of 50% indicate the UFL was 
at 2700 m. Alnus, Quercus and Miconia were the 
most important trees in the Andean forest while 
Hedyosmum, Miconia, Myrsine, Podocarpus, and 
Weinmannia were conspicuous. Subpáramo vege-
tation had a limited altitudinal distribution and oc-
curred from ~2700-2900 m. Asteraceae and Polyle-
pis were dominant while Hypericum and Ericaceae 
were frequent. Grasspáramo extended over ~2900 
m elevation and vegetation was dominated by 
Poaceae, with equal low proportions of Valeriana, 
Plantago, Lycopodium, and Caryophyllaceae. Du-
ring part (e) lowering AP% to 25% and increased 
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again to ~35% indicate the UFL was at 2300 m and 
shifted to 2400 m. Alnus, Quercus, Weinmannia, 
Podocarpus, Myrica, Miconia, and Hedyosmum 
were the most important trees of the Andean fo-
rest while Eugenia, Ilex, Myrsine, and Vallea were 
conspicuous. Subpáramo vegetation was limited in 
its altitudinal extension and probably reached with 
abundant Polylepis dwarf forest the elevation of 
the lake. Above the elevation of the lake grasspá-
ramo prevailed. Poaceae were very abundant and 
the following páramo herbs reached only low sha-
res in the vegetation: Caryophyllaceae, Geranium, 
Lycopodium, Plantago, and Valeriana. During part 
(f) AP% of 70% indicate the UFL was at ~3100 
m. Alnus accounted for 60% of this AP% and also 
Myrica and Quercus increased in proportion while 
other Andean forest taxa (Hedyosmum, Miconia, 
Myrica, Podocarpus, Weinmannia) decreased in 
proportion. Subpáramo vegetation extended from 
~3100 to 3300 m and Asteraceae, Hypericum, and 
Polylepis were dominant. In the grasspáramo vege-
tation Poaceae and Plantago were abundant while 
other páramo herbs were recorded with low values. 
During part (g) AP% of ~30% indicate the UFL 
was at ~2350-2400 m. Alnus and Quercus, toge-
ther with Myrica, Weinmannia, Hedyosmum, and 
Podocarpus, were the most important trees of the 
Andean forest while Eugenia, Ilex, and Myrsine 
were conspicuous. Subpáramo vegetation was al-
titudinally limited and extended from ~2350-2400 
m up to the elevation of the lake. Asteraceae, Po-
lylepis and Hypericum were the dominant taxa in 
the subpáramo. Grasspáramo started to occur just 
above the lake. Poaceae and Caryophyllaceae were 
dominant while Lycopodium, Plantago and Vale-
riana were conspicuous.

Period 9 (157.2-145.6 ka); zone Fq-9C-R9
AP% of 25-40% indicate the UFL shifted between 
2300 m and 2550 m. Glacial conditions prevailed. 
Alnus, Myrica, Podocarpus, Quercus, Hedyosmum 
and Weinmannia were the most important taxa in the 
uppermost Andean forest while Eugenia, Ilex, and 
Miconia were conspicuous. Subpáramo vegetation 
surrounded the lake during the full period and ex-
tended between 2300/2500 and 2600/2800 m. It was 
dominated by Asteraceae, Hypericum and Polylepis 
while there was a lower share of Ericaceae. Grasspá-
ramo occurred from 2800 m to the top of the surroun-
ding mountains. Apart from dominating Poaceae, the 
taxa Valeriana, Plantago, Lycopodium, and Caryo-
phyllaceae were conspicuous, and Aragoa, Draba, 
Gentiana, Geranium, and Lysipomia were present.

Period 10 (145.6-134.1 ka); zone Fq-9C-R10
Most of the time AP% are between 20% and 30% 
indicating that the UFL was mostly below 2300 
m, Three times AP% peak to >40% indicating the 
UFL periodically reached the lake. Glacial condi-
tions prevailed.

During part (a) AP% of ~10% indicate the UFL 
shifted to ~2000-2100 m. Alnus and Quercus were 
the most important taxa in the Andean forest whi-
le Weinmannia, Myrica, Miconia, and Hedyosmum 
also show significant presence. Very low values of 
subpáramo taxa show this vegetation belt was redu-
ced to a narrow fringe consisting of Asteraceae and 
a large proportion of Polylepis dwarf forest. Hype-
ricum was also present. Grasspáramo covered the 
area at elevations above ~2200 m. The grasspáramo 
was remarkably poor in characteristic páramo herbs, 
only Plantago was conspicuous, and páramo consis-
ted mainly of grassy floors. Drier conditions prevai-
led during this period, locally shore and swamp ve-
getation dominated and peatland developed. During 
part (b) AP% of 30%, peaking to ~40%, indicate 
the UFL was around 2500 m. Alnus, Myrica, Hed-
yosmum, and Podocarpus were the most important 
trees; Quercus and Weinmannia increased in impor-
tance during this interval. Subpáramo consisting of 
Asteraceae, Polylepis, Hypericum, and Ericaceae 
occurred from 2500-2800 m. Grasspáramo mainly 
consisting of Poaceae, Valeriana, Lycopodium, and 
Geranium extended from ~2800 m upslope. During 
part (c) AP% of 25-30% indicate the UFL was at 
2350 m. Alnus, Hedyosmum, Myrica, Podocarpus, 
Quercus and Weinmannia were the most important 
taxa of the Andean forest, while Miconia, other 
Melastomataceae, and Myrsine were conspicuous. 
Subpáramo vegetation, mainly consisting of Aste-
racerae, Hypericum, and Polylepis occurred from 
2400-2700 m. Grasspáramo, mainly consisting of 
Poaceae, Valeriana, Lycopodium, and Plantago 
occurred above elevations of 2700 m. During part 
(d) AP% of 40%, and peaking up to 50%, indica-
te the UFL had reached the elevation of the lake 
and was at ~2550-2650 m. Alnus, Myrica, Quercus, 
Podocarpus, Weinmannia, and Hedyosmum were 
the most important trees of the Andean forest whi-
le Miconia, other Melastomataceae, and Myrsine 
were conspicuous. Subpáramo vegetation, mainly 
consisting of Asteraceae, Hypericum, and Polylepis 
occurred from 2500-2800 m. Grasspáramo vegeta-
tion, mainly consisting of Poaceae, Valeriana and 
Plantago extended from 2800 m upslope. Part (e)  
AP% of ~10% indicate the UFL was at 2100 m. 
Alnus, Podocarpus, Hedyosmum and Myrica were 
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the most important taxa of the Andean forest, and 
Quercus and Weinamannia were conspicuous. Va-
lues of subpáramo taxa mostly Asteraceae and Po-
lylepis indicate this zone occurred from 2100-2400 
m. Grasspáramo mostly consisting of Poaceae, Va-
leriana, Plantago and Lycopodium extended above 
2400 m. Part (f) includes a hiatus. Most of the time 
AP% of 18-30(60)% indicate the UFL was between 
~2300 and up to 2900 m. Alnus, Myrica, Quercus, 
Podocarpus, and Hedyosmum were the most impor-
tant trees of the Andean forest while Melastomata-
ceae, Myrsine, Symplocos and Weinmannia were 
conspicuous. Subpáramo, mainly consisting of As-
teraceae and Polylepis, and to a lesser degree Hy-
pericum and Ericaceae, occurred up to ~2600-2650 
m. Grasspáramo, mainly consisting of Poaceae, Va-
leriana, Plantago, Lycopodium, and Caryophylla-
ceae, and smaller shares of Aragoa, Geranium, and 
Gentiana extended from ~2650 m upslope.

6. Discussion

We have shown that in the 284-130 ka interval of 
the Fq-9C pollen record the altitudinal distribution 
of vegetation zones was many times subject to rapid 
reorganisations. The UFL is most clearly reflected 
in the pollen record (Table 1). As subpáramo and 
grasspáramo share Asteraceae and Poaceae as im-
portant groups a precise reconstruction of the eco-
tone position is difficult. However, the maximum 
cover of plants of these groups of taxa, as well as the 
group of grasspáramo herbs, provide evidence of the 
proportion and altitudinal extension of subpáramo in 
the full altitudinal range of páramo vegetation

Millennial-scale climate oscillations were already 
identified four decades ago in pollen records from 
different continents (e.g. Van der Hammen et al., 
1971, Woillard, 1978). Rapid climatic changes ca-
lled Dansgaard-Oeschger (DO) cycles with a large 
amplitude are recognized in many high temporal 
resolution paleoclimatic records (Dansgaard et al., 
1993). The sequence of interstadials (warm inter-
vals) and stadials (cold intervals) are recorded as 
oscillations in paleoclimatic proxy records. In 
Greenland ice cores a DO-cycle is characterized 
by a gradual cooling of ~5-10°C during 600-2000 
years, a subsequent more rapid temperature decline 
of ~5-10°C into peak stadial conditions, lasting ano-
ther 300-700 years, and an abrupt return (~3-5°C 
warming per century) to interstadial conditions 
(Bond and Lotti, 1995; Labeyrie et al., 2007). Com-

paring a glacial-interglacial temperature amplitu-
de in Greenland (~30°C) with the northern Andes 
(~10°C; Groot et al., 2011 and references therein) 
shows that absolute temperature changes cannot 
be directly compared between various areas on the 
globe. Temperature variations in the northern An-
des may be approximately a third of those recorded 
in Greenland. Groot et al. (2011) presented a corre-
lation between millennial-scale climate variability 
in the present record Fq-9C with millennial-scale 
climate variability in the records GRIP, NGRIP 
(Greenland) and Epica Dome C (Antarctica) (Jouzel 
et al., 2007) during the last 130 ka. In Hessler et al. 
(2010) and Bogotá-A et al. (submitted) it is shown 
that millennial-scale climate variability from three 
other pollen-based records of climate change from 
this lake basin (cores Fq-7C, Fq-3 and Fq-2) co-
rrelate well with the global sequence of DO-cycles 
during the same period. Here we show that changes 
in altitudinal vegetation distribution and plant asso-
ciations during MIS 6-8 also show millennial-scale 
climate variability (Fig. 7). In addition we used a 
GSD-based record of changing sedimentary envi-
ronments to show for the first time in the FB how 
climate change driven vegetation change relates to 
sediment supply and changing depositional envi-
ronments in the lake (Fig. 7).

We analysed millennial-scale vegetation change and 
climate variability in a standardized way compara-
ble to the methodology in Groot et al. (2011). Fre-
quency analysis in the age domain was carried out 
of the AP% and the open water vegetation records 
based on the Clean Algorithm (Heslop and Dekkers, 
2002) with the Clean signal at 95 % confidence in-
terval (Fig. 8). In the AP% record we identified main 
cycles of 119, 35, 18 kyr, and in the record of open 
water vegetation main cycles of 42 and 23 kyr. At 
suborbital time-scales the AP% record shows cycles 
of 10, 8, 7, 5, 4 and 1.49 kyr, and the record of open 
water vegetation cycles of 10, 8, 3.7, 2.28 and 1.54 
kyr. Cycles of 10 kyr have been related to half a pre-
cession cycle. Cycles of 7 and 5 kyr are referred to 
the third and fourth harmonics of the precession cy-
cle (Berger et al., 2006; Tuenter et al., 2007). These 
sub-Milankovitch cycles are reported from low la-
titude records and explained as the reflection of va-
riations in annual precipitation driven by variation 
in the strength of the monsoon systems (Tuenter et 
al., 2007 and references therein). The shortest cycle 
in Fq-9C AP% and open water vegetation records 
of ~1.5 kyr match the periodicity associated to the 
DO events during MIS 2-5 (Rahmstorf, 2003). To 
identify DO style events we selected periods whe-



74

Chapter 3

re AP% change from ~25% to ≥ 40% reflecting 2° 
to 3.5°C temperature change at the elevation of the 
lake (from ~6-8 to ≥ 9.5°C). We continued numbe-
ring DO-style cycles during the period from 130 to 

Fig. 7. Summary of environmental change in the Fúquene Basin. From left to right are shown: age scale; marine isoto-
pe stages (MIS); (a) down core changes in the proportion of main regional vegetation belts and recognized regional 
zones and subzones; (b) arboreal pollen percentage record (light  green) and inferred record of upper forest line (UFL) 
positions at 1 kyr increments (dark green). Numbers refer to Dansgaard-Oeschger-style cycles recognized in glacial 
cycle MIS 6-7 and in the last part of MIS 8; (c) reconstructed mean annual temperature for 2540 m altitude inferred 
from changes of the UFL; (d) down core proportions of categories of grain size classes EM1 to EM 4 (EM = End 
Member) and organic matter content (EM5) (after Vriend et al., in review); e) down core proportions of categories 
of aquatic vegetation reflecting a gradient from wet shore to deep water conditions and recognized local zones and 
subzones; (f) record of water level changes based on aquatic vegetation and grain size distributions.

284 ka (Fig. 7b, Table 4) following Martrat et al. 
(2004, 2007). During glacial cycle MIS 6-7 20 DO-
style cycles were identified. During the last part of 
MIS 8 we recognized 6 DO-style cycles.
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The record of Alnus is among the first to respond to 
temperature; even if the background noise of 20% 
was removed. Other trees that respond rapidly to 
temperature change are Myrica, Quercus and occa-
sionally also Podocarpus and Weinmannia. Howe-
ver, during MIS 7.5 the DO-style cycles 18 and 19 
show a first rapid response of Myrica, Weinmannia, 
Quercus and Miconia, followed by Alnus. All rapid 
upslope forest expansions are characterized by pre-
sence of trees with pioneer qualities (Fig. 2). Inter-
glacial Andean forest is mainly composed of Alnus, 
Myrica and Quercus with important presence of 
Podocarpus, Weinmannia, Hedyosmum, and Mi-
conia. Taxa such as Myrsine, Symplocos, Eugenia, 
Clethra and Ilex are less frequent. All these taxa can 
be found in mature contemporaneous Andean forest 
(Fig. 3). A different setting is found during MIS 7.5 
in DO-style cycles 18 and 20 when Andean forest 
was composed principally by Myrica, Weinmannia 
and Quercus. During MIS 8 DO-style cycle 6 shows 
forest rich in Quercus and Weinmannia.

During MIS 7 reconstructed MAT indicate tempe-
ratures during warmest intervals (MIS 7.5 and MIS 
7.3) kept close to present day values. The coldest in-
terval of MIS 7 shows MAT of ~9 °C i.e. ~4°C lower 

than today. During MIS 6 four out of ten interstadial 
periods attained temperatures >11°C; interstadials 
9, 8 and 6 in particular. During MIS 8 interstadials 
temperatures hardly surpassed ~9.5°C and varia-
tions between cold and warm conditions were ≤3°C. 
During MIS 6 highest rates of change were 4-5°C in 
100 to 300 years comparable with rates of tempera-
ture change at glacial/interglacial transitions.

Most of the DO-style cycles lasted from 1 to 3.5 
kyr (2.7 kyr average). Long DO-style cycles bet-
ween 3.6 to 6 kyr occurred during MIS 7 which is 
congruent with climate records from the Mediterra-
nean (Martrat et al. 2004; 2007). The Fq-9C record 
shows MAT changes during glacial Terminations II 
and III as well as during some stadial to interstadial 
transitions occurred in less than 100 years. Fast shi-
fts mainly characterize DO-style cycle 18, 19 (MIS 
7.5), and DO-style cycle 9 (MIS 6) (Table 4). Pro-
gressive cooling lasted ~500 yr on the average. Ra-
pid cooling of about 90 yr characterized DO-style 
cycle 20 (MIS 7.5), 140 yr DO-style cycle 16 (MIS 
7.3) and 130 yr DO-style cycle 3 (MIS 8).

Local environmental change is summarized in 
Table 5 and Fig. 7d-e. We infer a low lake level 

Fig. 8. Spectral analyses of time series of Arboreal Pollen percentage (AP%) (left) and percentage of open water vege-
tation (including deep and shallow water taxa) (central) of the Fq-9C pollen record. For comparison spectral analysis 
of δ18O NGRIP record (NGRIP Community Members, 2004) is shown (right). Upper panel shows main periodicities 
at long time scales; lower panel shows main periodicities at millennial time scales (< 10 kyr). Confidence intervals of 
95% and 99% are shown. For methods see text and Groot et al. (2011).
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Table 4. Main characterization of the regional subzones in pollen record Fq-9C for the period from 284 to 130 ka. Stadial-
interstadial cycles reflecting Dansgaard-Oeschger (DO) style climate variability are characterized in terms of timing, upper 
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forest line (UFL) position, mean annual temperature at the elevation of Lake Fúquene, main arboreal taxa in the Andean fo-
rest belt and main arboreal taxa from the subandean forest belt (only shown for  interstadials with relevant abundances).
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Fig. 9. Comparison of pollen based reconstructions of mean annual temperature from the 285-130 ka interval of record 
Fq-9C with selected temperature records of global relevance. From left to right are shown: age and position of ma-
rine isotope stages (MIS); (a) records of precession, obliquity (solution after Laskar, 1990) and marine benthic stack 
δ18O record LR04 (Lisiecki and Raymo, 2005); (b) altitudinal shifts of montane vegetation expressed by changing 
proportions of altitude related groups of forest and páramo vegetation; (c) record of Fq-9C arboreal pollen percentage 
(AP%) (light green) and the inferred record of upper forest line (UFL) shifts (dark green) equivalent to mean annual 
temperature at 2540 m (after Groot et al., 2011); (d) EPICA Dome C δD (%) (Jouzel et al., 2007) indicative variation in 
atmospheric temperature in Antarctica; (e) record MD01-2443/43 UK’ 37 (Martrat et al., 2007) indicative of variations 
in sea surface temperature in the Iberian margin of the Mediterranean. Shadowed horizons show stadial phases identi-
fied in Fq-9C record. Dansgaard-Oeschger-style cycles in (e) are numbered according to the original publication.



79

Chapter 3

small lake when swamp vegetation is abundantly 
accompanied by wet shore vegetation, and any of 
the following sedimentary settings prevailed: (a) 
under low levels of energy and distal source of 
sediments when mainly fine sediments clay/fine 
silt accumulated (i.e. the periods 284-281.6 ka and 
140-136.4 ka); (b) when high input of coarse silt 
with sand and to a lesser degree fine silt and clay 
prevailed suggesting a more dynamic environment 
(i.e. the periods 270-266.1 ka, 195.1-190.5 ka, 
190.5-189.1 ka and 144.5-140.1 ka); (c) under the 
highest levels of energy, closest sediment source 
related to high input of sand and abundant Isoëtes 
(i.e. the periods 239.6-236.7 ka, 227.9-226 ka, 
221-218.6 ka) These conditions reflect the setting 
described by Torres et al. (2005) with abundant 
Isoëtes vegetation  on sand banks along streams. 
Periods of an intermediate and large size lake were 
less frequent (i.e. the periods 281.6-274.2 ka and 
181-176.1 ka respectively). Deep water mostly oc-
curred during glacial conditions, a relationship that 
was earlier noted by Van’t Veer and Hooghiemstra 
(2000) in the ancient lake of the adjacent Bogotá 
Basin. Periods of a water depth of over ~10 m are 
not monitored by the aquatic vegetation as Pota-
mogeton and Isoëtes occur in maximally ~6-8 m 
deep water. Among abiotic proxies deep water 
conditions are characterized by accumulation of 
clay. During MIS 6 shallow water prevails most 
of the time. During MIS 8 the lake was most of 
the time of intermediate depth. Low lake levels 
(i.e abundant swamp vegetation) characterized in-
terglacial conditions in particular (i.e. the period 
244.5-239.6 ka) but also occurred during glacial 
conditions (i.e. the period 145.7-144.5 ka).

Based on the changes in pollen spectra of aquatic 
vegetation and GSDs 63 subperiods in lake level 
stands were visually identified (Table 4). The ave-
rage duration of a period with homogeneous condi-
tions is ~2.3 kyr, which is in harmony with the iden-
tified periodicities in the Fq-9C open water power 
spectra of 1.5 kyr, 2.2 kyr and 3.7 kyr the related 
power spectra of the AP% record (Fig. 8). Swam-
py conditions were rare, lasted less than 1 kyr and 
occurred during MIS 7 and 6. Any setting from sha-
llow to deep lake levels lasted between 1 to 3.5 kyr 
most of the time, although some long stable condi-
tions lasted up to 7.5 kyr. Long periods with stable 
environmental conditions mostly occurred during 
MIS 8 and 6. Frequency analysis in the age domain 
of the records of open water vegetation also shows 
significant periodicities (95% confidence level) re-
lated to orbital time-scales: 42.8, 23.9 and 10.1 kyr 

showing that obliquity and precession are driving 
lake level changes (Fig. 8).

We assessed the global relevance of Fq-9C record 
by comparing millennial scale temperature fluctua-
tions with the sequence of DO-cycles in the Green-
land GRIP-and NGRIP records (NGRIP Communi-
ty Members, 2004) and the Antarctic Epica Dome 
C temperature record (EDC; Jouzel et al., 2007). 
The Fq-9C AP% record of the last 130 ka of re-
cord Fq-9C shows a robust correspondence (Groot 
et al., 2011). For the period from 284 to 130 ka va-
riability at millennial time-scales was assessed by 
comparing the AP% record with EDC record and 
the record of the marine alkelone unsaturation in-
dex UK’

37 of core MD01-2443/44. The latter reflects 
sea surface temperature (SST) in the Iberian Margin 
(Martrat, 2007). We recognized 20 DO-style cycles 
during MIS 7-6 and 8 DO-style cycles during the 
last part of MIS 8 (Fig. 9). The robust correspon-
dence with these records (see also Sánchez-Goñi et 
al., 1999; Desprat et al., 2006) underpins the global 
character of millennial scale climate variability be-
yond the last interglacial-glacial cycle.

7. Conclusions

In this paper we have shown vegetation dynamics 
and climate change with ~60 yr temporal resolu-
tion during the period from 284 to 130 ka (Groot 
et al., 2011). Frequency analysis of the time series 
for AP% shows that regional vegetation change is 
mainly driven by eccentricity and obliquity while 
aquatic vegetation in the basin is driven by obliquity 
and precession. Suborbital frequencies are domina-
ted by cycles of 10 kyr and 5 kyr, both linked to har-
monics of the precession cycle, Temperature oscilla-
tions resemble the DO cycles established for the last 
interglacial-glacial cycle. We identified 20 DO-style 
cycles during MIS 6 and 7. Only the last part of MIS 
8 is represented and we recognized in that glacial 
interval 6 DO-style cycles. The periods of these cy-
cles vary from ~1.5 to 3 kyr with an average of 2.7 
kyr. Orbital and millennial-scale climate variability 
in the pollen record Fq-9C correlates well with the 
climate records from Epica Dome C (Antarctica, 
Jouzel et al., 2007) and MD01-2443/44 (Mediterra-
nean, Martrat et al., 2007) evidencing north Andean 
climate variability has global relevance.

We combined information from aquatic vegetation, 
organic matter content of the sediments and GSD to 
attain an integrated reconstruction of changing aqua-
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Table 5. Main characteristics of the local zone/subzones in core Fq9C information based on local pollen and EM dis-
tributions (grain size distribution and organic matter content (Vriend et al., in review) in the period from 284 to 130 kyr 
(MIS 8-6) in the Fúquene Basin. Information is presented in terms of time and dominant sediment composition (EM): 
clay, fine silt (f. silt), coarse silt (c. silt), sand and peat and dominant vegetation (stressed sediments indicate higher 
dominance) Inferences in the energy associated during the accumulation are categorized in very low, low, intermediate 
(intermed) intermediate high (intermed high) and high. Source distance with respect to the drilling point is divided 
into distal, distal intermediate (distal intermed), intermediate (intermediate), intermediate close (intermed close) and 
close. Final reconstructions of the lake size suggest five classes: swampy, small, intermediate, large and largest (see 
methods for their definition).
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Table 5. (continued)
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tic vegetation, lake level changes, sediment supply to 
the lake and associated energy levels in the drainage 
system, and changing sedimentary environment in 
the lake basin. Relatively stable environmental con-
ditions in the lake lasted on the average for 2300 years 
with a range from 800 to more than 8000 years. 

Changes in altitudinal vegetation distribution are 
mainly driven by temperature change, but Groot et 
al. (2011) showed that atmospheric CO2 and global 
ice cover also had significant impact on vegetation 
change at high elevations in the Northern Andes. 
The UFL shifted between ~3400 and ~2000 m al-
titude corresponding to a maximum temperature 
difference of ~10°C over a full interglacial-glacial 
cycle. The trees Alnus, Myrica, Quercus and Wein-
mannia are among the first to respond to changing 
altitudinal distributions and appear most responsive 
to climate change. The trees Podocarpus, Miconia, 
and Hedyosmum follow.
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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.
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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).



97

Chapter 4

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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Abstract

T ime series of a suite of geochemical elements 
measured in a 60-m long sediment core from 
the Lake Fúquene, Northern Andes (5°N, 

73°W; 2540 m altitude) were analyzed and relation-
ships with histories of past environmental change 
were explored. Data were produced by XRF analy-
sis at 1-cm increments along the composite record. 
Time series of Fe and Zr were used to support in-
tercore correlation. The age model (Groot et al., 
2011) showed the sediments reflect the period from 
284 to 27 ka and temporal resolution of the record 
is ~60 a. Geochemical inferences were embedded 
in available reconstructions based on fossil pollen, 
organic carbon content, and grain size distributions. 
A water body was continuously present in the lake 
basin and rates of sediment input varied little. We 
assess the potential of XRF-measured elements to 
better understand relationships between abiotic and 
biotic changes and processes in the drainage basin. 
Geochemical fractions could be attributed to distinct 
source areas. Principal Component Analysis (PCA) 
on the basis of log (element/Ti) ratios suggests con-
trasting weathering intensities. PCA indicated that 
coarse sediments associated with Si, Ti, Zr origi-
nated from proximal and distant quartz sandstone 
sources from the nearby Churuvita and Guadalupe 
Formations and were transported with substantial 
mechanical energy. Fine silts and clays associated 
with clay minerals and other phyllosilicates (Si, Al 
and K) originated from mudstones from all sedimen-
tary series exposed on the slopes, and were transpor-

ted and accumulated in a lacustrine environment. Ca 
and Sr are associated with calcareous and carbona-
ceous mudstones. Fe, Zn and S are associated with 
pyritic levels of the San Rafael-Conejo Formation. 
Oxygen rich mud deposits led to oxidation of Fe2+ 
and S2- to Fe3+ and SO4

2- yielding an acidic chemical 
environment resulting in dissolution of carbonates. 
Subsequently, dissolved Ca2

+, (Sr2+), SO4
2- and (Zn2+) 

species were transported in solution and Fe3+ in sus-
pension as hydrolyzed colloidal particles (Fe(OH)3) 
In contrast, reductive anoxic environments as well 
as neutral to alkaline environments in swamps re-
sulted in reprecipitation of carbonates and sulfides, 
thereby inhibiting the fluvial transport in solution 
of the before mentioned ions. Given its relatively 
high solubility gypsum (CaSO4.2H2O(s)) as well as 
associated Cl- concentrated in the lake sediments 
only during periods of high evaporation. Vegetatio-
nal and climatic reconstructions are mostly inferred 
from biotic proxies (e.g. pollen, diatoms) extracted 
from the sediment archive in lake basins. However, 
geochemical analysis of the same sediments show 
the lake basin itself also experienced a dynamic 
history in which geological source areas, chemical 
weathering, sediment transport and pH changes of 
depositional environments interact.

Key words: XRF geochemical analysis, Fúquene 
Basin, lacustrine environments, Pleistocene, sedi-
ment source areas
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1. Introduction

G eochemical analysis of lacustrine sediments 
has become a promising source of information 
to better understand the complex relationships 

between the abiotic and biotic processes in a lake 
basin. Information from time series of elements is 
informative for changes of the water body as well as 
for changes at the scale of a full drainage basin (i.e. 
Mackereth, 1965, 1966; Engstrom and Wright, 1984; 
Engstrom and Swain, 1986; Robinson et al., 1993). 
Down-core variation in the elemental geochemistry 
from lacustrine sediments allowed an assessment of 
changing salinity levels (Dominik and Stanley, 1993; 
Li et al., 2000; Fedotov et al., 2004), redox conditions 
in the water column and the sediments (Brown et al., 
2000), variation in weathering, soil development 
and erosion (Ewing and Nater, 2002; Ng and King, 
2004; Jin et al., 2006; Felton et al., 2007). Elemental 
geochemistry of lake sediments have also allowed 
for inference of past and recent human influence on 
basins (Koinig et al., 2003; Boyle et al., 2004; Julià 
and Luque, 2006; Brncic et al., 2009).

Analogous to marine sediment records, time series 
from lacustrine sediments also show correlations 
between element concentration, and/or their ratios, 
as well as global climate cycles including episodes 
of abrupt climatic change. Such correlations have 
mostly been reported from temperate and high la-
titudes lakes. For instance the studies from Lake 
Baikal and Lake Teletskoye (Rusia; Phedorin et al., 
1998; Goldberg et al., 2000, 2001), Lake Khubsugul 
(Mongolia; Fedotov et al., 2004), Lago Grande di 
Monticchio (Italy; Robinson, 1994; Robinson et al., 
1993; Brauer et al., 2007), and Lake Owens (USA; 
Li et al., 2000). Geochemical studies from tropical 
lake basins are scarce; we mention Lake Tanganyka 
(Tanzania: Felton et al., 2007), paleo-lake Pachapa-
dra (India; Roy et al., 2008 b), and Lynch’s Crater 
(Australia; Turney et al., 2006). Many of these stu-
dies related abundance/ratios of elements to weathe-
ring and associated changing redox environments 
and placed these geological processes in the time 
frame of a glacial-interglacial cycle where possible.

In Central and South America geochemical studies 
were carried out in a.o. Lake Tecocomulco in Mexi-
co (Roy et al., 2008a), Lake Valencia in Venezuela 
(Curtis et al., 1999), Lake Tapakos in Brazil (Irion 
et al., 2006), Lakes Puyehue and Chungurá in Chi-
le (Bertrand et al., 2008; Moreno et al., 2007), and 
Lake Potrok Aike in Argentina (Haberzettl et al., 
2005). We select Lake Valencia as an example whe-

re geochemical analysis of sediments (Ca, Mg, Fe, 
K, Na, P) together with calcium carbonate, organic 
matter content, and stable isotope analyses allowed 
reconstructing paleoclimate in the basin and lake 
level fluctuations during the last 12.6k cal a BP. The 
correlated high concentration of K and Fe, organic 
matter and carbonate characterized increased rain-
fall and high lake levels from 8.2 to 3k cal a BP. 
During the last 3k cal a BP high Na concentrations 
indicate desiccation and a higher salinity. Studies 
performed at Lake Puyehue covering the last 8k cal 
a BP reconstructed changes in temperature and pre-
cipitation. Al and Ti variations indicated changes in 
the terrigenous fraction of the sediment transported 
by rivers to the lake, which were linked to past pre-
cipitation regimes (Bertrand et al., 2008).

For a comprehensive environmental reconstruction 
that explicitly includes the interactions between bio-
tic and abiotic changes in a lake basin, geochemical 
analyses should be applied in tandem with other en-
vironmental proxies. The objectives of the present 
study were to apply such a multi-proxy approach to 
identify contrasting palaeoenvironmental conditions 
in the Colombian Fúquene Basin. Specifically, we 
focus on the Fúquene-9C record (Fq-9C) elaborated 
by Groot et al. (2011) reflecting the period from 284 
to 27 ka BP within the 58 to 2 m core interval. To 
this end X-Ray Fluorescence (XRF) based time se-
ries of geochemical elements of record Fq-9C were 
combined with the results from previous studies of 
fossil pollen and changes in organic matter content 
(OMC) (Bogotá-A et al., in review; Groot et al., in 
review b) and downcore changes in grain size distri-
butions (GSD) (Vriend et al., in review). This paper 
is considered as an initial study and the conserved 
core sediments allow for additional analysis.

2. Geological and climatic setting

2.1 Geography

Lake Fúquene (5˚27'N, 73˚46'W) is located at 2540 
m altitude in the Eastern Cordillera of Colombia 
(Figs. 1a, 1b). The drainage basin covers 1750 km2 
and extends between 5°35' N and 5°19' N, and bet-
ween 73°54' W 73°35' W (IGAC, 2003). At present-
day Lake Fúquene has a surface area of ~25 km2 
and its current water depth varies between 2 and 
6 m. The present lake covers only the floor of the 
central part of the Fúquene Basin (CAR, 2000; San-
tos-Molano and Guerra-C, 2000; Sarmiento et al., 
2008). Field observations at several locations in the 
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basin evidenced that lacustrine sediments have been 
deposited up to ~20 m above the present-day lake 
level. In absence of evidence of tectonic activity 
during the late Quaternary this indicates that in the 
past Lake Fúquene was never deeper than ~25 m 
for a significant period of time. Lake level recons-
tructions based on aquatic pollen and GSD (Vriend 
et al., in review) showed that cool and cold periods 
are mostly characterized by high lake levels while 

lake levels were low during warm interglacial pe-
riods (see also Van ‘t Veer and Hooghiemstra, 2000; 
Torres et al., 2005). As the topography of the basin 
floor is very flat, small lake level changes have a 
large impact on the lake surface. During maximum 
lake level stands the surface of Lake Fúquene in-
creased an order of magnitude and covered the com-
plete basin from Ubaté in the south to Chiquinquirá 
and Saboyá in the north (Vriend et al., in review).

Fig. 1. (a) Geological map of the drainage basin of Lake Fúquene, Eastern Cordillera of Colombia, showing the main depo-
sits, formations, folds and faults. After Sarmiento et al. (2008) with permission; (b) Topographical view on the Fúquene Ba-
sin; (c) Mean monthly rainfall and temperature records for the Fúquene Basin from five different meteorological stations.
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2.2 Geology, mineralogy and geochemistry

The Fúquene Basin consists of sedimentary rocks 
from Late Cretaceous to Early Tertiary age. The 
lower parts of the basin are covered by Quater-
nary sediments (Ingeominas, 1991; Sarmiento et 
al. 2008) (Fig. 1a). The main mineralogical and 
chemical characteristics of geological formations 
are presented in Table 1. The physico-chemical en-
vironment influences the equilibrium positions in 
geochemical reactions in the weathered exposed 
surfaces, in the transporting rivers, and in the de-
positional environments of the lake. During glacial 
conditions, which dominate during the time span 
covered by the record, levels of erosion and trans-
port of clastic materials are high (Van der Hammen 
et al., 1980/81; Sarmiento et al., 2008). During in-
terglacial and interstadial conditions most of the 
drainage basin was covered by vegetation, stabili-
zing slopes and allowing soil formation (e.g. Van 
Geel and Van der Hammen, 1973). In all likelihood 
the contribution of materials from soils to the in-
fill of the lake basin is insubstantial compared to 
materials from eroded rock formations. However, 
quantitative records of the relative contribution of 
both sources are lacking.

Sandstones and fine sediments from oxic shallow 
marine environments underlay calcareous mudsto-
nes and black shales from marine anoxic environ-
ments (early Late Cretaceous). These rocks crop 
out in the neighboring slopes of the lacustrine va-
lley. The Churuvita Formation is a source of Si, Zr, 
Al and K from quartz and phyllosilicates, the San 
Rafael Formation is a source of Ca and Sr from li-
mestone, whereas Conejo Formation is a source of 
Fe, Zn and S mainly in the form of pyrite, but also 
with minor contributions of other iron rich sulfides 
and siderite. Additionally, Si, Al and K are the main 
constituents of clay minerals in mudstones existing 
in those sedimentary units (Gaviria et al., 2005). In 
the southern part of this unit a brine source of Cl 
is recognized which comes from a non-outcropping 
diapiric structure. In the southern and eastern side 
of the basin quartzite sand units from Guadalupe 
Formation is present and reflect shallow marine 
environments. This formation includes syncline 
structures with clayey/soft and sandy/hard paleoge-
ne units of transitional and continental belonging 
to Guaduas, Cacho and Bogotá Formations. Coarse 
sedimentary rocks are source of Si, Ti and Zr from 
sandy residual sediments; fine grained sedimentary 
rocks are the main source of Si, Al, Fe and K from 
clay minerals produced in anoxic-oxic weathered 

environments. The sediments of the Fúquene Basin 
have received sporadic wind transported volcanic 
ash from eruptions in the Central Cordillera (Rie-
zebos, 1978).

2.3 Hydrology and climate

From a hydrological point of view Lake Fúquene is 
an open lake. There are inlets from the Ubaté River 
and a number of small creeks in the south and east 
of the basin; the Honda Creek is the most impor-
tant one. The basin has one outlet in the northwest: 
the Suarez River (Fig. 1a) (Sarmiento et al., 2008). 
Creeks occur where the surrounding slopes of the 
lake are steep and sediments travel over shorter dis-
tances (Fig. 1b). Generally, creeks at steeply sloping 
grounds transport sediments at higher energetic le-
vels as is the case of the Ubaté River and Honda 
Creek. At present only the southern part of the basin 
(~900 km2) works as a catchment area for the lake. 
The northern part of the basin (~850 km2) is currently 
covered by swamps and grasslands. There, precipi-
tation pours into the Suarez River and directly leaves 
the basin at the Saboyá Dam (Montenegro-Paredes, 
2004; Sarmiento et al., 2008). Sediments delivered 
by the Ubaté River come from the southern slopes 
and travel the longest distance along the high plain 
before reaching the present-day lake.

The almost equatorial position of Lake Fúquene ex-
plains its climate; the study area is mainly driven by 
the annual migration of the Intertropical Convergen-
ce Zone (ITCZ). Two dry seasons, from December to 
January and from July to August, alternate with two 
rainy seasons from February to June and September 
to November; both rainy seasons show a similar pro-
portion of precipitation (Fig. 1c). The annual precipi-
tation ranges from 770 mm in the south to 1100 mm 
in the north (CAR, 2000). Mean monthly temperatu-
res vary from 13.7 to 15.4 °C with the coldest mon-
th occurring during the dry season. In contrast to the 
small annual temperature range, the daily temperatu-
re range is large and during the dry season night frost 
may occur at the elevation of the lake (IGAC, 2003).

2.4 Vegetation

The quality of the vegetation cover in the basin is 
relevant for the production of organic matter, the 
degree of weathering, erosion and superficial se-
diment transport along the slopes. The lake is cu-
rrently located in the upper montane forest which 
extends between 2300 to 3200 m elevation. Above 
the upper forest line (UFL) vegetation of dwarf trees 
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and shrub (subpáramo) extends from 3200 to 3500 
m. In the study area grass-dominated páramo ex-
tends from ~3500 to the highest tops at ~3700 m. 
Under present-day climatic conditions superpáramo 
and glaciers are not present in the drainage basin. 
However, during the last glacial maximum (LGM) 
when the UFL was at ~2100 m altitude Lake Fúque-
ne was located in the belt with grasspáramo vegeta-
tion and during the wettest glacial periods in parti-
cular glaciers reached as far as ~3000 m elevation in 
the valleys (Van der Hammen, 1974; Van ‘t Veer and 
Hooghiemstra, 2000; Wille et al., 2001).

3. Methods

3.1 Sediment collection, age model, and the 
matrix of proxies

Sediments were drilled with Longyear equipment in 
intervals of 100 cm length and 7.5 cm diameter from 
a floating platform at the deepest part of the lake 
(Fig. 1a). First consolidated sediments were reached 
at ~6 m below water surface. From parallel sediment 
cores Fq-9 and Fq-10 the composite core Fq-9C 
was constructed by comparing lithological changes, 
downcore variation in GSD, and relative abundance 
of Fe and Zr between the cores (Groot et al., 2011). 
The age model (Fig. 2b) was elaborated by frequen-
cy analysis in the depth domain, identification of or-
bital drivers of climate change (temperature), and tu-
ning of the arboreal pollen (AP) record to the marine 
LR04 benthic stack of δ18O record (Lisiecki & Ray-
mo, 2005) (Groot et al., 2010). The age model shows 
that sediment accumulation rates are approximately 
stable for most of the record. We present data along 
a linear age scale and we use marine isotope stages 
(MIS) to discuss main intervals of time. In this paper 
we make use of the information from proxies of core 
Fq-9C published elsewhere: for pollen Groot et al. 
(in review b) and Bogotá-A.  et al. (in review a), and 
for GSD and OMC Vriend et al. (in review).

3.2 Geochemical analysis

XRF based geochemical analysis is a non-destructi-
ve procedure that determines the chemical compo-
sition of measured sediments as element intensities. 
Attempts to convert XRF core scanner output to 
element or mineral concentrations by mean of linear 
regressions have shown linear and non-linear corre-
lations (Jansen et al., 1998; Richter et al., 2006; Wel-
tje and Tjallingii, 2008). As a result the technique is 

regarded as semi-quantitative. XRF measurements 
on Fq-9C sediments were carried out at 1-cm reso-
lution using the Avaantech X-ray core scanner of the 
Netherlands Institute of Sea Research (Jansen et al., 
1998). We used a sampling time of 30 seconds and 
element intensities were measured with a generator 
setting of 10 kV for the elements Aluminum (Al) 
through Cobalt (Co), and 30 kV for the elements 
from Zinc (Zn) through (Bi). In this paper we focus 
on the concentrations of Al, Si, S, Cl, K, Ca, Ti, Fe, 
Zn, Sr, and Zr. These elements were selected as they 
are most abundant in surrounding rocks. Geoche-
mical results are expressed as additive log-ratios 
of element intensities in order to provide the most 
accurate estimations of sediment chemical compo-
sition (Aitchison, 1986; Rollinson, 1993; Weltje and 
Tjallingii, 2008). Measurements of Ti were selected 
as an inert common denominator to establish the 
respective XRF element log-ratios, and therefore 
the different log-ratio time series. Ratios against Al 
were also evaluated since Al is an insoluble element 
under oxic and anoxic conditions at the prevailing 
pH values in the sedimentary environment and fre-
quently of terrestrial origin (Brown et al., 2000, Fel-
ton et al., 2007). In comparison to Al, Ti is abundant 
in nature and more stable with respect to diagenetic 
processes. Contrary to Al, Ti is hardly affected by 
hydrolysis and/or complexation processes in orga-
nic rich and acidic environments where Al can be 
easily soluble (Mourier et al., 2008). Comparisons 
of the element log-ratios based on Al and Ti (not 
presented here) showed us similar patterns in varia-
tion of chemical composition.

3.3. Zonation and statistical analysis

A geochemical zonation was attained based on strati-
graphical constrained cluster analysis using the total 
sum of squares (CONISS; Grimm, 1987; Gill et al., 
1993). We used the data of intensities obtained by 
XRF analysis of the selected elements. Inclusion of 
ordination multivariate analysis such as PCA has been 
effective in highlighting the underlying environmen-
tal processes associated with the accumulation of se-
diments in marine and lacustrine basins (Giralt et al., 
2008). The consecutive axes explain percentages of 
the variance in a decreasing way. The corresponding 
scatter plots arrange those variables based on their 
spatial distance. The smaller the distance, the stron-
ger the correlation with the underlying environmen-
tal conditions and processes. A principal component 
analysis (PCA) was carried out using the log (ele-
ment/Ti) to establish relationships among elements 
records (Giralt et al., 2008). To assess correlations 
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Fig. 2. (a) Arboreal pollen record reflecting mean annual temperature change at the elevation of Lake Fúquene com-
pared to the marine LR04 δ18O temperature record from Lisiecki and Raymo (2005) plotted on a linear time scale. 
Marine isotope stages are indicated; (b) Depth versus time graph of the Fúquene-9 Composite record (Fq-9C). Modi-
fied after Groot et al. (2011).

between regional climate change, lake level changes 
and the chemical composition of the sediments we ran 
a second PCA including XRF log ratios and selected 
information from pollen analysis, GSD, and OMC.

Since information from GSD is compositional (Vriend 
et al., in review), a log-transformation was performed 
to eliminate the constant-sum constrain and further 
possible misinterpretation of the covariance structu-
re of the data. Thus we used the centered log-ratios 

transformation for each group as suggested by Ait-
chison (1986, 1999), Kucera and Malmgren (1998) 
and Pawlowsky-Glahn and Egozcue (2006). Con-
trary to the additive log-ratio used for geochemical 
data in which one variable is chosen to be the com-
mon denominator for the rest of the variables, cen-
tered log-ratio coefficients are obtained by dividing 
each variable by the geometric mean among the va-
riables analyzed per sample. Therefore, the whole set 
of variables can be used for posterior analysis. Prior 
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to the log ratio determination, a zero-replacement (or 
rounding-error replacement) procedure was applied 
to the GSD compositional data. This transformation 
was done according to solution in Fry et al. (2000) 
and Martin-Fernández and Thiò-Henestrosa (2006). 
In the case of OMC, which was measured as loss-on-
ignition (LOI) (Vriend et al., in review), we directly 
used the original percentage data.

We used pollen concentration values (pollen cm-3 of 
sediment) to perform analyses without the constant-
sum-constrain effect present in pollen percentage 
data. In this exercise we determined additive log-ra-
tio for selected taxa or vegetation groups. For the re-
gional vegetation data we used concentration values 
of Asteraceae as denominator. For the local vegeta-
tion data we used concentration values of the sum 
of shallow water taxa. This choice is justified by the 
fact that asteraceous taxa and taxa of shallow water 
vegetation were almost continuously present along 
the record (Groot et al., in review b; Bogotá-A et al., 
in review). Where time series showed a zero value, 
as well as for all other pollen time series used in our 
analysis, we applied the simplest zero-replacement 
(Aitchison, 1986; Kucera and Malmgren, 1998; Fry 
et al., 2000). To explore relationships with biotic 
proxy records we considered the log-transformed 
records of AP, grasspáramo vegetation, the dwarf 
tree Polylepis, subpáramo vegetation (Asteraceae, 
Ericaceae, and Hypericum only), and indicators of 
dry vegetation. AP, grasspáramo and subpáramo ve-
getation minus Polylepis mainly reflect variations 
in mean annual temperature and Polylepis and dry 
indicators serve as an approximation of climatic 
humidity. Ecological ranges are according to Ho-
oghiemstra (1984), Van ‘t Veer and Hooghiemstra 
(2000) and Bogotá-A et al. (in review). Similarly, 
for changes in lake level/lake surface we used the 
log-transformed records of shore vegetation, swamp 
vegetation, and open water vegetation (a category 
including vegetation of shallow and deep water). All 
PCAs were run with the program Multivariate Sta-
tistical Package MSVP 3.1 of Microsoft.

4. Results and environmental interpreta-
tion

4.1 Sediment chemical composition

In the geochemical time series we recognized seven 
main zones which reflect variations in the geoche-
mistry of the sediments (Fig. 3). Although the hie-

rarchical levels to subdivide the Fq-9C record varies 
between proxies the zonations based on geochemi-
cal data are in depth and age in agreement with the 
pollen zones (Groot et al., in review b; Bogotá-A et 
al., in review) and the main zones recognized on the 
basis of GSD and OMC (Vriend et al., in review). On 
the basis of pollen analysis and zonation (up to the 
fifth ranked level) 20 zones were recognized, while 
on the basis of GSD 9 zones were identified. In all 
cases cluster analysis recognized the glacial-inter-
glacial transitions MIS 8-7 and MIS 6-5 (Fig. 4).

Interpretation of the CONISS-based zones is based 
on PCA ordination using the log-ratio time series. 
The first component accounted for 37.5% of the va-
riance, the second component explained 21.1% more 
and the third component added another 11%. In total 
maximally 69.9% of the variance was explained (Ta-
ble 2). Principal component 1 (PC1) includes Ca, Sr, 
S, Fe, Zn, and Cl (all negative values) and Zr and to 
a lesser degree Si and Al (with positive values). The 
PC2 positively clusters Al, Si, and K. Finally PC3 
positively correlates with K, while negatively with 
Cl and Zr (Fig. 5). PCA ordination of the geochemi-
cal element composition showed a correlation with 
the geological source areas of sediments allowing 
five types of geochemical settings (Fig. 6).

Geo-setting I (Figs. 3-6)

Geo-setting I corresponds to periods of lowest PC1 
values. These periods, e.g. the 245-237 ka interval, 
are characterized by maxima of Ca and Sr, presen-
ce of Fe, S, Zn, and Cl to a lesser degree (Fig. 3). 
Those maxima represent deposition of Ca(Sr)CO3 
in the lake with Sr representing a minor isomorphic 
substitution. The most likely origin of the Ca and 
Sr, as well as the prevalent S, Fe, and Zn found in 
the sediments at this stage is weathering of calca-
reous rocks and black shales of the San Rafael and 
Conejo formations (Fig. 1a). These rocks, rich in 
Ca, Sr and iron carbonates (calcite and siderite res-
pectively), pyrite or other Fe2+ (Zn) sulfide phases, 
where Zn represents also a minor isomorphic subs-
titution, were deposited in a marine and alkaline 
environment. Under this scenario the drained and 
aerated sulfide minerals became unstable and oxi-
dation produced sulfate and protons giving Fe2+ and 
Zn2+ to the solution lowering pH to values below 
4.0 (Carson and Dixon, 1983). As a result carbona-
tes in the rock were dissolved producing HCO3

- and 
Ca2+, Sr2+ that were fluvially transported together 
with sulfates and Zn2+. Subsequent oxidation of Fe2+ 
under the oxic conditions in the drainage system led 
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Fig. 4. (a) Comparison between changes in arboreal pollen, open-water vegetation, organic matter (dark gray), and 
coarse-grained sediment fraction (silt and sand) in record Fq-9C (values shown as percentages) and three first axis 
derived from PCA of XRF log (element/Ti) ratios. For comparison the marine benthic stack δ18O LR04 (Lisiecki 
and Raymo, 2005) and Marine Isotopes Stages (MIS) are shown at the left. (b) General comparison of zonations used 
for pollen analysis (see text), grain size distributions (see text) and XRF chemical analysis (this paper). Dashed lines 
indicate zone boundaries supported by two or more proxies.

Table 2. Principal component analysis of XRF log (element/Ti) data from record Fq-9C. Negative loading with hig-
hest correlations are shown in bold.
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Fig. 5. Biplots based on principal component analysis of ten log (element/Ti) ratios of record Fq-9C. Elements showing 
geochemical variation associated to differences in physical and chemical weathering group together and are indicated 
by circles. Wide arrows show the most important elements in axes one which explain ~60% of variance expressed in 
two main groups (see text).
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to the formation of insoluble Fe(III) salts that were 
transported to the lake in the form of colloidal sus-
pension with associated sediment particles. Upon 
entering the lake its buffering capacity in all likeli-
hood increased the pH to neutral or slightly alkali-
ne values, promoting precipitation and subsequent 
accumulation of carbonates containing Ca and Sr 
in calcite, and Fe(II) in siderite and sulfides. It is 
plausible the latter was caused during episodes of 
low lake levels when chemical weathering of se-
diments dominated. In the lake occurred reduced/
anoxic conditions facilitating Fe(III) reduction to 
Fe(II) that undergo precipitation and accumulation 
as insoluble products.

Geo-setting II (Figs. 3-6)

Related to the positive values of PC1, the record 
of Zr is negatively correlated with the main trends 
for Ca, Sr, S, Fe and Zn (Fig. 3). Its meaning is 
better explained by the PC2 (Fig. 5a) in which 
high concentrations of Zr and Si correlate and 
constitute Geo-setting II. This suggests an inten-
sified supply of coarse-grained sediments to the 
lake (Stiles et al., 2003), associated with transport 
of material from quartz-rich sandstones from the 
Guadalupe Group and Cacho-Bogotá formations, 
located mainly in the distal upper part of the ba-
sin, and from the Churuvita Formation, exposed 
in the proximal foothills around the lake (Fig. 1). 
The correlation of Si is not easy to interpret be-
cause it is the principal constituent of all silicates 
common to all formations. During humid condi-
tions intensified physical weathering of silicates 
and intensified energetic transport of sediments 
are reflected in formations located at greater dis-
tance in the basin. During dry conditions coarse 
particles arrived by fluvial transport from sour-
ces at short distance to the lake. The Ubaté River 
was the most important source of fluvial sediment 
transport to the lake (Vriend et al., in review). 
However the Honda Creek is proximal to the co-
ring site and therefore possibly more responsible 
for the supply of coarse sediments to the coring 
site, e,g, during the period from 203 to 190 ka 
(Vriend et al., in review). In Fig. 3 similar periods 
are indicated with an asterisk.

Geo-setting III (Figs. 3-6)

Al, K and Si (associated with positive PC2; Fig. 
5a) in particular, are integral parts of characteris-
tic aluminosilicate clay minerals and originated 
mostly from fine grained sedimentary rocks such 

as the Churuvita Formation, rich in pyrophyllite 
(Si, Al) and illite (Si, Al, K), the Conejo Forma-
tion, rich in kaolinite (Si, Al) and illite, the Gua-
duas and Bogotá formations, rich in kaolinite, 
illite, chlorite (Si, Al, Fe) and interlayered clay 
minerals (Si, Al, Fe, Ca). Fe is also present on 
the surfaces of colored clay minerals in the form 
of free oxide (Gaviria et al., 2005). The almost 
constant loading values of this second PC and the 
related loadings of associated elements may be 
interpreted as Geo-setting III (Fig. 6d). In Geo-
setting III low energy transport of mainly clay 
characterized almost constant calm lacustrine 
sedimentary conditions in the lake, for example 
during the periods from 284 to 244 ka, and from 
180 to 133 ka (Fig. 3). However, when input of Zr 
dominates, and correlates with input of Si, such as 
during the period from 271 to 265 ka, high ener-
getic transport from the Guadalupe Group and 
Cacho-Bogotá formations is suggested.

Geo-setting IV (Figs. 3-6)

PC3 correlates with sporadic input of Cl associated 
to Zr (Fig. 5b) characterizing Geo-setting IV (Fig. 
6e). Periods with significant concentrations of Cl 
correlate well with episodes of high accumulation 
of elements belonging to PC1 negative values, i.e. 
from 243 to 240 ka, and from 117 to 114 ka. Rela-
tive high values of Cl are interpreted as increased 
concentrations of soluble salts in the lake with eva-
poritic rocks as a source. It reflects dissolution by 
infiltration of water inside the rock massif, fluvial 
transport, posterior concentration during periods of 
high evapotranspiration and, finally, accumulation 
of Cl and other halogens in the lacustrine sediments. 
This scenario is supported by the presence of Cl salt 
rich deposits lodged in the San Rafael-Conejo for-
mation close to the village of Tausa in the southern 
part of the basin. The Suta River, and afterwards 
the Ubaté River were in this case responsible for 
transport to the lake. During those periods of high 
evaporation Ca and S showed correlations with Cl 
in PC3 indicating the formation of gypsum origina-
ted from the San Rafael-Conejo formations. In this 
case anoxic conditions did not prevail allowing for 
preservation of S in the form of sulfate.

4.2 Relationships between biotic and abiotic 
environment

We explored relationships among different com-
ponents of the sedimentary record by PCA using 
log ratios of biotic and abiotic proxy data (Fig. 7). 
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Fig. 6. (a) Idealized schematic cross sections through the Fúquene Basin showing five different characteristic geo-
logical settings based on XRF geochemical analysis and PCA discussed in the text. Lake levels are not to scale. (b) 
Map of the Fúquene Basin indicating direction of the used cross sections.
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PC1 explains 21.4% of the variance, PC2 an addi-
tional 11.6%, and PC3 an extra 7.5% for a total 
of 40.6% of the variance (Table 3). Inclusion of a 
PC4 and PC5 explains variance up to 54.5%, but 
the processes involved are difficult to disentangle 
(Table 3). The ordination of variables according 
to the first three PCs allows the recognition of 
associations between abiotic and biotic variables 
(Fig. 7). A number of time series of selected che-
mical elements (10), GSD (4), OMC, local vege-
tation (4), and main regional climate and vegeta-
tion conditions (5) are shown in Fig. 8 together 
with the loadings of the corresponding first three 
PC axes. These time series show the geochemical 
evolution of the basin.

Group I
Variables related with negative values in PC1 (Fig. 
7) structure Group I. Subgroup IA shows a strong 
correlation of accumulation of Ca, Sr, S, Fe, Zn 
and Cl (geo-setting I) with presence of organic 
matter under either warm conditions (forest) or 
low temperatures (grasspáramo vegetation). High 
values of OMC have been interpreted as episodes 
with abundant peatland close to the coring site. 
This occurred during warm interglacial and mild 
interstadial times characterized by increased eva-
potranspiration and productivity. The inclusion 
of grasspáramo vegetation in this group suggests 
that accumulation of insoluble Fe and S supplied 
by San Rafael-Conejo formations under intensive 
chemical weathering could also have occurred du-
ring cold glacial or stadial periods. Oxidative reac-
tions occurred where rocks were exposed to the 
weathering agents under cold and warm climatic 
conditions. Concentration of mobile products took 
place under dry conditions when water evaporated. 
The inclusion of subpáramo vegetation, dry vege-
tation, wet shore vegetation, and swamp vegetation 
giving structure to Subgroup IB supports previous 
interpretations. During warm and dry conditions as 
well as cold and dry settings, organic-rich swamps 
had expanded and consumed the oxygen in the 
water column In this way precipitation of insoluble 
reduced forms of Fe and S was promoted (Giblin 
and Wieder, 1992; Dominik and Stanley, 1993).

Groups II and III
Positively correlated variables making Group II 
(Fig. 7) are indicative of the accumulation of fine 
silt and clay, mainly K (illite), and Si and Al (kao-
linite and pyrophillite). This reflects a supply by 
geological sources rich in these minerals (geo-

setting III) like the Churuvita, Conejo, Guaduas 
and Bogotá formations (Gaviria et al., 2005). 
Negative values form Group III and characterize 
the Zr and Si composition of sand and coarse silt 
fractions from the Guadalupe Group and Bogotá-
Cacho formations (geo-setting II). In PC1 and PC2 
the weight of Zr is associated to those coarse sedi-
ments clearly indicating periods of reactivation of 
high energetic sediment transport to the lake, pos-
sibly by creeks on the eastern slopes. This interpre-
tation is supported by the presence of shallow and 
deep-water vegetation indicative of periods with a 
large lake size. Presence of Polylepis dwarf forest 
indicating humid and cold conditions (Van Geel 
and Van der Hammen, 1973; Bogotá-A et al., in 
review) supports the scenario; energetic transport 
of sediments was reinforced. The loadings of this 
PC2 mirror PC2 in Fig. 4 in which only geochemi-
cal variables have been used.

Changes in GSD and the associated changes in the 
chemical composition of the sediments are expec-
ted to vary with climate, with precipitation in par-
ticular (i.e. Felton et al., 2007). Most of the time 
reflected in the record the basin was covered by 
grasspáramo and forest vegetation allowing fine 
material rich in Si, Al and K (clayey minerals) be 
easily transported, while supply of coarse sedi-
ments rich in Si and Zr was limited. Periodic su-
pply of coarse material to the lake occurred during 
dry spells in particular when soils were more ex-
posed and sporadic heavy rains easily transported 
coarse silt and sand through the fluvial system into 
the lake. Repetitive expansions and contractions of 
glaciers (Van der Hammen et al., 1980/81) must 
have caused significant erosion making coarse-
grained sediments abundantly available.

Groups IV and V
PC3 includes biotic variables only. Positive values 
constitute Group IV and correlate to periods when 
the basin was covered by Andean forest. Negati-
ve values constitute Group V and correlate to the 
presence of open-water vegetation and Polylepis 
dwarf forest indicative of cool to cold and humid 
climatic conditions.

Environmental conditions derived from the geoche-
mical PCA (Figs. 5 and 6) and the integrated biotic 
and abiotic variables (Fig. 7) allow to recognize six 
representative and contrasting environmental settings 
(Fig. 9). Environments are characterized in Table 4.
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Fig. 7. Ordination by principal component analysis of selected biotic and abiotic variables analyzed in record Fq-9C. 
Abiotic variables include (a) geochemical analysis of XRF measured log (element/Ti) of values (Ca, Sr, S, Fe, Zn, Cl, 
Zr, Al, Si, and K); (b) values of grain size distributions as log of sediment/geometric mean. Sediments were grouped 
as proportions of sand, coarse silt, fine silt and clay (see text); (c) organic matter content measured as loss-on-ignition 
(LOI) (taken from Vriend et al., in review). Biotic variables include selected pollen taxa grouped into main regional 
biomes, and main groups of aquatic vegetation reflecting a gradient from shallow to deep water. Biomes reflect po-
llen from Andean forest, subpáramo, grasspáramo, Polylepis dwarf forest, and taxa reflecting dry vegetation. Aquatic 
vegetation include taxa from wet shore vegetation, swamp vegetation, and open water vegetation (= sum of shallow 
and deep water taxa). Pollen values are expressed as log ratio values of concentration measurements. Values of As-
teraceae are used as a regional denominator. Values of shallow water vegetation are used as a local denominator (see 
methods section for further explanation). Circles show main groups of variables which attribute to explain 40.5% of 
the variance using three axes.
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Table 3. Principal component analysis of selected biotic and abiotic variables from record Fq-9C. Negative loading 
with a high level of correlation are shown in bold.

5. Environmental reconstruction

In this section the biotic and abiotic evolution in the 
basin is integrated and related to climatic conditions. 
Changes in environmental conditions in the lake as 
well as in the basin are expressed as basin types as 
shown in Fig. 9. Seven main intervals were recog-
nized. Elsewhere we published environmental re-
constructions based on pollen (Bogotá-A et al., l., in 
review; Groot et al., in review b) and GSD (Vriend 
et al., in review).

Period 7: 284-244 ka (MIS 8); depth in composite 
record: 58.33-51.22 m

During this period basin environment Type VI oc-
curred most of the time (Fig. 9). Geochemical com-
position (Al, K, and Si) and GSD (fine silt and clay) 
show that mudstones from all formations supplied 
clays which accumulated in a lacustrine environ-
ment. This reconstruction is supported by the pre-
sence of deep-water vegetation and the presence of 

cold subpáramo and grasspáramo vegetation in the 
Fúquene Basin. During intervals with significant 
variation in sediment geochemistry (282-275 ka, 
271-264 ka, 262-259 ka, and 257-252 ka) abundant 
coarse sediments were episodically transported (Zr 
and Si; basin environment Type II). During these 
episodes sandstones must have eroded more inten-
sively and the drainage system, the Honda Creek 
in particular, transported sands with substantial 
energy. Other variations in geochemistry were as-
sociated with basin environment Type I. Episodes 
characterized by high concentrations of Ca, Sr, Fe, 
Zn and S, as well as accumulation of organic mat-
ter alternated with intervals characterized by sig-
nificant precipitation and substantial energetic se-
diment transport. Accumulation of Fe and S under 
reducing conditions showed the lake reduced episo-
dically. This supports the reconstructions based on 
GSD (Vriend et al l., in review) and aquatic pollen 
(Bogotá-A et al., in review). A reduced lake size 
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Fig. 8. Plot of biotic and abiotic time series of record Fq-9C used for the integrated PCA analysis. Geochemical 
records include log (element/Ti) ratios. Grain size distributions include records of proportional data (black line) and 
log ratio transformation (gray line). Regional and local vegetation include selected records in proportions (black line) 
and log ratio transformation (gray line). Loadings of integrated biotic-abiotic PCA are shown and produce the same 
zonation as obtained from XRF element analysis in Fig. 3.
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generally coincided with warm interstadial condi-
tions, high evapotranspiration and slopes around 
the lake covered by Andean forest. Type VI basin 
environment prevailed from 282-275 ka, 271-264 
ka, 262-259 ka, and 257-252 ka, and Type I pre-
vailed during the intervals 284-282 ka, 280-278 ka, 
274-272 ka, and 264-262 ka.

Period 6: 244-201 ka (MIS 7); depth in composite 
record: 51.22-41.53 m

High values of Ca, Sr, Fe, S, Zn and Cl from 244 
to 239 ka point to substantial supply of sediments 
from calcareous and pyritic rich rocks leading to 
environment Type I. Abundant presence of swamp 
vegetation and organic matter caused anoxic con-
ditions in the small lake in which insoluble Fe and 
S accumulated. Presence of Andean forest and dry 
vegetation points to warm conditions which are in 
harmony with low water stands and a high level 
of evapotranspiration. During 239-236 ka trans-
port of quartzite occurred during a warm period 
and presence of swampy vegetation, suggesting 
high precipitation and a prevailing Type III envi-
ronment. During the periods 236-231 ka, 225-222 
ka, 217-209 ka fine sediments, clays (Al, K, and 
Si) and limestone with pyritic material (Ca, Sr, 
Fe, S, Zn, Cl) accumulated which is in support of 
a small lake. During the period from 236 to 231 
ka in particular high concentrations of S and Fe 
suggest a small and anoxic lake and confirm the 
evidence from pollen (Bogotá-A et al., in review) 
which shows warm and dry vegetation (basin en-
vironment Type I). Particularly, from 217 to 209 
ka chemical precipitates are indicative of a small 
and relatively anoxic lake during warm or cold 
climate (basin environment Type I or II), inte-
rrupted at ~213.4 ka by a sudden energetic trans-
port of Si (high precipitation) and lake expansion 
during a warm phase (basin environment Type 
III). During the periods in between 231-225 ka 
and 221-217 ka, accumulation of Zr in particular 
point to basin environment Type IV. PCA shows 
that sedimentation of quartzite-sand occurred in 
an open water environment, indicating episodic 
intervals with high precipitation, energetic sedi-
ment transport and expansion of the lake. Finally, 
from 209 to 201 ka accumulation of fine sedi-
ments enriched in Ca, Sr, S, and Fe suggest a low 
water table reflecting basin environment Type I. 
Abundant organic matter and presence of swamp 
vegetation allows for the anaerobic conditions re-
quired to precipitate Fe and S.

Period 5: 201-184 ka (MIS 7); depth in composite 
record: 41.53-37.66 m

During the period from 201 to 190 ka, an increa-
sing content of Zr indicates to high energy trans-
port of quartz-sand and therefore to high precipi-
tation. Sedimentation of coarse silt and sand, and 
a change from swamp vegetation to open water ve-
getation support wet climatic conditions and point 
to basin environment Type III. During the period 
from 190 to 184 ka concentration of Al, Si, K and 
Fe peaked indicating sediments originated from a 
different source. Presence of cool subpáramo and 
cold grasspáramo vegetation indicate glacial clima-
tic conditions, low levels of evapotranspiration and 
predominance of basin environment Type VI.

Period 4: 184-133 ka (MIS 6); depth in composite 
record: 37.66-25.99 m

During the period from 184 to 175 ka a change in 
abundance from Si and Zr to K, Fe and S points to 
a change from high to low energy sediment trans-
port, anoxic conditions and a reduction of the lake 
size. This change of environment is also reflected 
as a transition from coarse silt and sand to fine silt, 
a transition from open water to swampy vegetation 
and more abundant organic matter. Expansion of 
grasspáramo vegetation and increasing abundance 
of Fe and S both are indicative of cold and dry con-
ditions reflecting basin environment Type V chan-
ged into Type II. During the period 175-155 ka sig-
nificant accumulation of K, Ca, Fe and S points to 
low energetic transport of fine grained sediments 
and transition to a small anoxic lake. More pre-
cipitation of insoluble Fe and S between 168 and 
160 ka, suggests a significant decrease of the lake 
size. Prevailing anoxic conditions are supported 
by abundant deposition of organic matter and ex-
pansion of swamp vegetation. Presence of Andean 
forest points to warm climatic conditions and high 
evapo-transpiration reflecting basin environment 
Type I. During the period of 155-133 ka abundant 
Zr, Si and Al points to an increased transport and 
sedimentation of quartzite, which is in support of a 
pollen-based brief lake expansion.

The predominance of swamp vegetation during the 
period from 190 to 133 ka (MIS 6) suggest dry gla-
cial climatic conditions prevailed most of the time 
(Bogotá-A et al., in review) and is in accordance with 
accumulation of Ca, Sr, Fe, and S and basin environ-
ment Type II. The period of 145-144 ka in particular 
documents abundant precipitation of insoluble Fe 
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with S indicative of an anoxic and small lake that 
correlates well with accumulation of organic matter 
and abundant presence of swamp vegetation.

Period 3: 133-86 ka (MIS 5); depth composite re-
cord: 37.66-25.99 m

Accumulation of fine-grained sediments from 133 
to 128 ka rich in Ca, Sr, Fe, S, and K was followed 
between 128 and 116 ka by accumulation of coarse 
quartzitic sediment (Zr, Si) and again by fine grained 
sediments. This alternation of rock sources suggests 
anoxic conditions in a small lake with basin environ-
ment Type I most of the time interrupted by a brief 
lake expansion. Accumulation of sediments rich in 
Zr and Si support a short lasting activation of rock 
sources rich in quartz, high precipitation and an ener-
getic sediment transport (basin environment Type 
III). From 111 to 94 ka supply of quartzite (Zr) and 
accumulation of fine-grained sediments rich in Al, 
Si, and K increased, indicating a low energetic sedi-
mentary environment with episodic pulses of sand 
transport (basin environment Type III). From 94 to 86 
ka low accumulation of quartzite, and sediments rich 
in Al and K go together with a high accumulation of 
fine silt and clay, and the permanent establishment of 
swamp vegetation, all pointing to a small lake size. 
Low accumulation of Fe suggests swamps had oxy-
gen rich waters.

Period 2: 86-55 ka (MIS 5 and MIS 4); depth com-
posite record: 15.31-8.14 m

From 86 to 82 ka abundant presence of Ca, Sr, Fe, 
S, and Zn and abundant presence of swamp vegeta-
tion and organic matter suggest the lake was redu-
ced to an anoxic swamp reflecting basin environ-
ment Type I. Between 82 and 77 ka accumulation 
of Zr and quarzite points to high energetic trans-
port, higher precipitation and an increase of the lake 
size; this reflects basin environment Type III. From 
77 to 68 ka precipitation of Ca, Sr, S, Fe, and Zn 
points to continuous accumulation of fine-grained 
sediments under anoxic conditions, reflecting basin 
environment Type I. From 68 to 55 ka relative high 
accumulation of Zr, Si with some K  and Fe points 
to sediment sources rich in quartzite and mudstone 
in a high energetic environment type VI.

Period 1: 55-27 ka (MIS 3); depth composite re-
cord: 8.13-1.67 m

Periodic sedimentation of sand and coarse silt su-
ggests spells with energetic transport of quartzite. 

Fluctuations in Zr accumulation alternate with low 
deposition of fine sediments enriched in Ca, Sr, 
S, Fe, Zn and Cl and Al, Si, K, pointing to a re-
duction of the lake surface and presence of anoxic 
conditions. Presence of swamp vegetation and or-
ganic matter in the sediments peaked several times 
while presence of Andean forest in the basin point 
to warm climatic conditions: environment Type I 
apparently prevailed. On the contrary, periods with 
much open-water vegetation corresponded well 
with higher concentrations of Zr and expansion of 
Polylepis dwarf forest, all pointing to higher pre-
cipitation: basin environment Type IV prevailed. 
Alternations between small and intermediate lake 
sizes correlate with millennial-scale climate chan-
ge related to Dansgaard-Oeschger cycles in this 
basin (Groot et al., 2011).  During cold and humid 
conditions glaciers expanded down-slope as low as 
~3000 m and concomitant erosion generated much 
new unsorted sediments for later transport (Van der 
Hammen, 1981; Van der Hammen et al., 1980/81; 
Sarmiento et al., 2008).

6. Conclusions

Lake sediments contain a rich archive of palaeo-en-
vironmental proxies. In the present study we were 
able to combine geochemical analysis with other 
proxies to obtain an environmental reconstruction 
with unprecedented detail. Not only did the geoche-
mically based subdivisions of the record correspond 
well with those from information based on pollen 
and GSD, they also showed us the prevailing che-
mical conditions during weathering of the source 
areas, transport in the drainage system, and depo-
sition in the lake basin. Such information could not 
be obtained from other proxies. At the same time 
we had difficulties in estimating the contribution of 
soils as a source of geochemical elements in com-
parison to rock formations. Basin studies make a 
direct link between source and sink. However, the 
unconsolidated and loose fraction in between in 
the form of eroded sediments, soil materials, and 
suspended materials is difficult to quantify. This 
fraction has disappeared in the formerly glaciated 
parts of the basin while it is only partly conserved 
and strongly modified in the remaining parts of the 
study area. We assume that the volume of soil mate-
rials is much smaller than the volume produced by 
the eroded rock formations. Under these conditions 
the direct link between source and sink is feasible. 
In case this assumption is unjustified we may expect 
various scenarios; the following are most plausible. 
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(a) Coarse grained formations (quartzite sandstone) 
produce quartzite sandy coarse-grained soils. Cha-
racteristics of mineralogy and texture are compa-
rable to those of the parent rock. (b) Fine grained 
formations (such as mudstone, siltstone) produce 
after erosion soils with a comparable texture and 
mineralogical characteristics. Apart from chemical 
precipitation there is still a direct link between sour-
ce and sink under moderated weathering. In this ini-
tial study we were able to explain ~40.5% of the va-
riance in the time series. Additional work is needed 
to further explore the rich data set of Lake Fúquene. 
Clay mineralogy studies will explain variability in 
the data set caused by the effect of a more intensi-
fied weathering during warm to mild with variable 
humidity conditions.

Our results have various implications for the re-
construction of climatic fluctuations during the 
period covered by the core. The unprecedented 
temporal resolution of record Fq-9C, consisting of 
~4600 samples over the period from 284 to 27 ka 
allows the recognition of environmental changes 
at sub-centennial time scales. Variation in geoche-
mistry is associated with a suite of different basin 
environments, here categorized in 6 different basin 
types. These basin environments support or add 
additional detail to reconstructions based on pollen 
and GSD. Oxic and anoxic (with abundant S and 
Fe) conditions in the lake basin could be identified. 
High concentrations of Al and K coincide with ac-
cumulation of fine silt and clay and here grain size 
analysis and geochemical analysis reinforce each 
other. Periods with high concentrations of soluble 

salts like chlorides and sulfates reflect high levels 
of evaporation in the lake and characterize dry pe-
riods. We conclude that an integration of informa-
tion from pollen, grain size spectra, organic matter 
content, and geochemistry has great potential for a 
broad application in environmental reconstructions 
provided that the requirements of a quasi-linear se-
diment accumulation and availability of a high qua-
lity age model are met.

Acknowledgements

Financial support was provided by the Netherlands 
Organization for Scientific Research (grant ALW 
854.00.007), the Scientific Organization for Tropi-
cal Research (WOTRO grant WB 84-552), AlBan 
(grant E04D033907CO), and the University of Ams-
terdam. We thank the Depto. de Geociencias and 
Instituto de Ciencias Naturelaes of the Universidad 
Nacional de Colombia, Bogotá (Orlando Rangel) 
for logistic support, Wim Westerhoff (NITG-TNO, 
Utrecht) for making core laboratory facilities availa-
ble, Fred Jansen (NIOZ, Texel) for making available 
the XRF facility at NIOZ (Texel), Aad Vaars (NIOZ) 
for technical support with XRF measurements, Jef 
Vandenberghe (Vrije Universiteit, Amsterdam) for 
giving access to the grain size analysis facility, and 
Martin Konert and Nico de Wilde for support with 
the grain size analyses. We thank Hans van der Pli-
cht (CIO, Groningen) and Lucas Lourens (Universi-
ty of Utrecht) for support with the development of 
the age model. We thank Gillermo Forero (Univer-
sidad Distrital) for his advises in PCA.



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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