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Introduction n 

1 1 

Introductio n n 

1.1.. Aim of this study 

Thee aim of this work was to improve the understanding of palaeoecological and 

palaeoclimatologicall  dynamics of the Colombian tropical lowlands (0 to 2300 m elevation), in 

orderr to evaluate the current hypothesis of climatic change between the Last Glacial 

Maximumm and today. Four sediment cores from Chocó rainforest area, Interandean valley and 

savannass of the Llanos Orientales have been therefore palynologically analysed. In addition 

thee l*C AMS wiggle match technique has been applied for the first time to a South American 

pollenn record. Based on these methodologies, late Quarternary vegetational and climatic 

changee in the three different ecosystems have been reconstructed and linked to current key 

problemss concerning the tropical lowlands of northern South America. 

1.2.. The research area 

Thee vegetational and climatic history of Colombia has been investigated for over 30 years. 

Overr the whole period palynology played a key role in providing input for palaeoecological 

reconstructions.. In northern South America most of the available palynological data originate 

fromm high altitudes (>2500 m elevation). Palaeoecological studies from the lowlands were 

rare.. In 1995 a project funded by GO A started, supervised by Prof. Hooghiemstra and carried 

outt by Dr. Behling, entitled "Paleo-ecology of 0-20 kyr tropical America based on new pollen 

recordss and integration with existant palynological data". Within this framework more than 25 

sedimentt records were cored in the lowlands of Colombia. This project also provided the 

materiall  that was studied in this project work. It was possible to develop better reconstructions 

off  the late Quaternary vegetational and climatic dynamics of the Colombian lowlands. 

Sitess from three different areas (Chocó, lower montane forest belt, Llanos Orientales) of 

Colombiaa were studied. This work brings additional facts to the understanding of 

palaeoenvironmentall  key questions specific for each region and integrates the regional 

informationn into the continental palaeoclimate reconstruction. 
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1.3.. The rain forest of Chocó 

1.3.1.. Geographical and climatological setting 

Thee Chocó biogeographic region (Chocó) forms the western part of Colombia. It is the coastal 

stripp between the Pacific Ocean and the Western Cordillera (ca. 100 km broad x 1000 km 

long).. To the north the Chocó extends into Panama (there it is named Darien) and to the South 

intoo Ecuador (there called Esmeraldas). The area is tectonically very active due to the 

subductionn of the Nasca plate under the South American plate and is an earthquake hot spot 

(Toközz 1987), Temperatures are stable throughout the year in the whole region with an 

averagee of ca. 25 °C. The Chocó is characterised by extremely high precipitation values of 

40000 to 12,000 mm per year. Precipitation values are highest in the north and decrease 

towardss the south. Due to the high precipitation, great parts of the Chocó area are under the 

influencee of river dynamics. Seasonality in rainfall is almost absent. The warm equatorial 

currentt crossing the Pacific from west to east brings humid air masses from the Pacific mainly 

too the southern Chocó. The northern Chocó is also influenced by a low level westerly jet 

(Chorroo del Occidente Colombiano = 'CHOCO' jet, Poveda and Mesa, 2000) coming from the 

Caribbeann over the Central American isthmus to the Chocó. Along the Cordillera clouds are 

formedd through uplift of air masses causing highest precipitation values near the Western 

Cordillera. . 

1.3.2.. Vegetation 

Alongg the tidal front mangrove forest is distributed. This belt is relatively narrow in the 

northernn parts (< 1 km) and increases towards the south up to about 30 km. The hinterland is 

coveredd with dense very humid tropical rain forest. Due to the dominant role of the river 

systems,, most of the forest communities between the coast and the Andes are adapted to 

inundation.. On the slopes of the Western Cordillera, between 1000 and 2400 m, lower 

montanee and above 2400 m upper montane forest can be found. Researchers consider the 

tropicall  rain forest in the Chocó area as an ecosystem with one of the highest biodiversity 

valuess on earth (Gentry 1986). 
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1.3.3.. Human occupation 

Evidencee for human occupation in Chocó is known from the early Holocene (10.000 C yr 

BP.. Correal Urrego 1983). The distribution of settlements was always concentrated along the 

coastt and rivers. Due to very poor soils which can be easily eroded by high precipitation, 

agriculturee plays a minor role in the Chocó region. Since the 1950's timber production is in 

additionn to fishing and oil palm plantations, one of the main sources for income for the region. 

Clearr cutting for timber production and palm plantations seriously endanger the primary 

forestss in Chocó. 

1.3.4.. Research questions 

FigureFigure 1.1. Photograph of El Caimito Lake (Southern Chocó, Colombia). 

Aimm of the multi-proxy study in Chapter 2 was to reconstruct the almost unknown 

palaeoenvironmentall  history of the southern Chocó from a sediment core of Lake El Caimito 

(Figg 1.1.). Other pollen available pollen records from this area are Jotaordó in northern Chocó 

andd Piusbi in the southern Chocó. With an integration of pollen analysis, floral composition of 

modernn floodplain forest vegetation and multivariate analysis from Piusbi. El Caimito and 

Jotaordó,, it was possible to refine the reconstruction of environmental change and to identify 

forestt dynamics in Chocó since the mid-Holocene (Chapter 3). 
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1.4.. The intermontane subandean forest belt 

1,4.11 .Geographical and climatological setting 

Thee lower montane (= subandean) forest belt is distributed from ca. 1000 to 2300 m and is 

transitionall  to tropical lowland forest (0 - 1000 m) and upper montane forest (2300 - 3400 m) 

inn the Andes. The lower and upper montane forest are the most damaged forest types in 

Colombiaa as the forest is used for timber production, cleared for cattle grazing or coffee 

plantations.. The mean annual temperature lies between ca. 20° to 15°C and strongly depends 

onn the slope position, since eastern exposed slopes are warmer than western exposed slopes in 

thee Cordilleras. Dense cloud cover reduces solar radiation input and lowers temperature. 

Today'ss temperature lapse rate lies at ca. 0.6 DC/100 m in the mountains. The mean annual 

rainfalll  in the lower montane forest belt is ca. 2100 mm and the above-mentioned cloud cover 

providess a considerable part of the precipitation. Eastern slopes of the Western and Central 

Cordilleraa lie in the rain shadow of the mountains and are drier than western slopes. The 

westernn slopes of the Western Cordillera receive the highest precipitation, with values up to 

74000 mm/yr (Mulligan and Jarvis in review). 

1.4.2.. Vegetation 

AA characteristic of the lower montane forest is the high abundance of epiphytes, ferns and 

mosses.. Due to cloud cover, epiphytes, mosses and other forest plants are able to filter water 

fromm the moist air and increase their water availability (cloud interception). Water evaporation 

decreasess with higher altitudes as a function of decreasing temperature. The mentioned water 

sensitivee plants can profit from this mechanisms. Although everywhere in Colombia stands of 

lowerr montane forest can be found in the same altitudinal range and most of the vegetational 

andd hydrological characteristics are typical for this forest type, the lower montane forest is not 

uniform.. Water availability probably is one of the main factors responsible for differences in 

speciess composition. The species composition of lower montane forest on dry (eastern 

exposed)) slopes differs from humid (western exposed) slopes. The species spectrum of a 

lowerr montane forest can vary between different regions although the physiognomy of the 

forestt is comparable. 

1.4.3.. Human occupation 

Thee altitudinal interval of the lower and upper montane forest is intensively damaged by 

humann influence. About 90% of the montane forest in the northern Andes disappeared as 

resultt of heavy settlement and coffee plantation in the Andean region between 1500 and 
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30000 m (Hamilton el al. 1995). This area is one of the longest occupied areas in Colombia. 

Fromm the first evidence of palaeoindians from the late Pleistocene (Gnecco & Mora 1997), to 

prehispanicc indian cultures, up to the present time the area was occupied by humans causing 

vegetationn damage through agriculture, cattle breeding or plantations. 

Researchh questions 

FigureFigure 1.2. Photograph of Piagua site (near Popaydn, South Colombia). 

Thee study in chapter 4 was focussed on the reconstruction of the palaeoenvironmental history 

off  the Popayan area in southern Colombia since the Last Glacial Maximum from pollen 

recordd Timbio. Another aim was to provide an integration of floristic information from 

differentt studies from that area to construct a tool for interpreting pollen records from the 

lowerr montane forest belt. The objectives in chapter 5 were to integrate all available 

palynologicall  information from the lower montane forest belt of Colombia including the new 

sitee Piagua (Fig. 1.2.) and to provide a palaeoenvironmental reconstruction. This 

reconstructionn was used to discuss palaeovegetational and palaeoclimatological questions on 

continentall  scales, for example migration of vegetation belts and changes in temperature lapse 

ratee since the LGM. 
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1.5.. The savannas of the Llanos Orientates 

1.5.11 Geographical and climatological setting 

Thee Llanos Orientales of Colombia are between 3°N and 7° N extending east of the Andes as 

aa level plain between 600 and 200 m abouve sea level. It is one of the largest savanna areas of 

Southh America. Other savannas are the Gran Sabana in southeastern Venezuela, the 

Rupununi-Rioo Branco savanna in Suriname and the Roraima-Rupununi savanna in Brazil. All 

off  these savannas have seasonal climatic conditions. Edaphic savannas with less or no 

seasonalityy also occur but are in comparison restricted to smaller areas (e.g. sandstone 

plateauss of the Amazon basin, coastal Guiana). 

Monthlyy average temperature fluctuations in the Colombian Llanos between coolest and 

warmestt months are small (about 2 °C), but daily amplitude is larger with an average 

maximumm around 30 °C during the wannest month and a daily average minimum around 20 

°CC during the coolest month (Blydenstein 1967). 

Characteristicc for the Llanos Orientates is the seasonality in precipitation. Ninety percent of 

thee total precipitation falls in the rainy season. The length of the rainy season between 

February/Aprill  and November/December can vary from 11 months in the south to about 7 

monthss in the northern Llanos Orientales. Total annual rainfall varies between about 1700 

mmm in the north and about 3000 mm in the south. Near the Cordillera under the rain catching 

influencee of the Andes, higher values can be reached. 

1.5.2.. Vegetation 

Thee variety in length of the rainy season mainly determines which savanna type occurs in the 

Llanoss Orientales. According to Behling and Hooghiemstra (2000) three main savanna types 

cann be separated in the field: 1) Savanna with scattered forest areas (dry type), 2) Savanna 

withh gradually increasing densities of shrubs, 3) Savanna trees following a gradient from dry 

throughh seasonally inundated to humid conditions (humid type). The Colombian Llanos 

Orientaless is characterised by a predominance of grass savanna with littl e presence of shrubs 

andd trees. Due to the precipitation regime, dry grassy savanna with scattered patches of 

galleryy forest occurs in the north. With increasing precipitation values towards the south, the 

contributionn of forest, gallery forest and shrubs increases. 
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1.5.3.. Human occupation 

Veryy littl e is known about the human occupation of the Llanos Orientates. Evidence for the 

presencee of man in the Colombian Andes (Correal Urrego and van der Hammen 1977) and in 

thee Amazon region of Brazil (Roosevelt et til. 1996) since the Late glacial suggest that palaeo-

indianss could also have lived in the Llanos Orientales since that time. 

1.5.4.. Research questions 

FigureFigure 1.3. Photograph of Las Margaritas Lake (Llanos Orientales, Colombia). 

Thee objective of Chapter 6 was to reconstruct the Holocene palaeoenvironmental histrory of 

thee forest/savanna dynamics in the southern Llanos Orientales. based on the high resolution 

pollenn record from Las Margaritas (Fig. 1.3.). Another aim of this study was to evaluate 

whetherr or not climate changes in the Llanos Orientales during Holocene times were caused 

byy changes in solar activity. 
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2 2 

Latee Holocene environmental history of southern Chocó region, 

Pacificc Colombia; sediment, diatom and 

pollenn analysis of core El Caimito 

M.. I. Velez, M. Wille, H. Hooghiemstra, S. Metcalfe, J. Vandenberghe, K. van der Borg 

Abstract t 

AA multi-proxy study of pollen, diatoms, grain size, and major elements of a 610-cm core from 

lakee El Caimito. located in the humid rain forest of southern Chocó, Pacific Colombia, is 

presented.. We arrived at an integrated reconstruction of the local basin development, 

characteristicss and changes of the water body and of die regional vegetation setting which is 

possiblyy related to the tectonic activity of an unstable coastal area. Time control is based on 

sevenn AJvlS l4C dates that show that the record represents the last 3900 cal BP. 

Fromm 3900-2700 cal BP sandy deposits, low carbon content, absence of diatoms, and low 

diversityy of the pollen spectra indicate the site was under the influence of the fluvial system. 

Erosivee event(s) removed pan of the sediment record and we observed a hiatus representing 

7000 years. After that, the basin became more isolated from the drainage system. From 2010-

14300 cal BP the lacustrine environment with accumulation of mainly clay was repeatedly 

interruptedd by river pulses diat left sandy and silty horizons in die record. Water chemistry 

wass stable. Benthic and littoral-benthic diatom species indicate a shallow water body. 

Mangrovee forest was close to the lake. Regionally, the main elements were palms, Moraceae-

Urticaceae,, Melastomataceae, Leguminosae and a number of other families and genera, 

characteristicc of lowland rain forest. 

Fromm 1430-810 cal BP the river impact gradually diminished. Each riverine event damaged 

thee local forest, was followed by an expansion of Cecropia dominated pioneer forest. 

Decreasingg intensity of forest disturbance coincides with an increase in the diversity of fossil 

pollenn taxa, possibly reflecting an increasing plant diversity of the forest. The impact of 
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mangrovee forest diminished, indicating that the coastline moved seaward and suggesting 

tectonicc uplift of the coastal area. Between 810 and 580 cal BP mangrove forest was closer to 

thee lake again, reflecting an inland migration of the coastline, suggesting tectonic subsidence. 

Fromm 580-300 cal BP the last riverine events were recorded. Diatom associations indicate 

oligotrophicc and acidic water. The mangrove belt moved seaward again, suggesting tectonic 

uplift.. Palms and Cecropia became more abundant, suggesting increased human impact in the 

nearr shore lowland forest. During the last 300 years, stable lacustrine conditions and lowland 

rainn forest with the highest floral diversity is registered. 

2.1.. Introductio n 

Thee strip of rain forest along the Pacific coast of Colombia, known as Chocó Biogeographic 

Area,, is known for its high precipitation values, up to 12,000 mm/year, and high plant 

diversity.. The geological history of this area since the Miocene has been discussed by a.o. 

Hooghiemstraa and Van der Hammen (1998) and Hoorn et al. (1995). There is substantial 

evidencee from the Amazonian rain forest that its present extension was reduced during dry 

intervalss of the last glacial period, during the last glacial maximum in particular (a.o. Van der 

Hammenn and Absy, 1994; Van der Hammen and Hooghiemstra, 2000; Hooghiemstra and Van 

derr Hammen, 1998), but this evidence is debated by others (a.o. Colinvaux et al., 2000). There 

iss insufficient understanding how high plant diversity in the neotropical rain forests was 

generatedd during the Neogene and Quaternary time (a.o. Bush, Colinvaux, 1987; Colinvaux, 

1997;; Colinvaux. 1998; Colinvaux et al., 2000; Schneider et al., 1999). According to 

Colinvauxx (Colinvaux, 1997; Colinvaux el al., 2000) speciation can be understood in an 

'enginee model' or in an 'museum model'. From Amazonia there is important evidence that 

showss high internal dynamics in the rain forest, a.o. caused by migrating rivers and periodic 

changess in precipitation related to the migrating belt of maximum solar insolation (precession 

cyclee of orbital forcing). As the setting of Chocó rain forest differs from Amazonia, it is 

unclearr to what degree environmental instability is also characteristic of the rain forests in 

Chocó.. Therefore, sediment cores in three lakes were collected during an expedition in 1997. 

Thee objective is to reconstruct the regional, as well as the local history of these basins. In 

southernn Chocó the pollen record from Laguna Piusbi (Behling et al., 1998), and in northern 

Chocóó the pollen record from Laguna Jotaordó (Berrio et al., 2000) and the sedimentological 

studyy in the San Juan Delta (Ramirez and Urrego 1999) documented for the first time in 

Chocóó environmental change during the last c. 4500 years. After the initiation of lakes Piusbi 
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andd Jotaordó, related to tectonic activity and/or river dynamics, a stable forest history was 

inferred. . 

Inn the present study we aim at a multi-proxy analysis of the core from Laguna El Caimito; 

integrationn of data from pollen (analysed by M. Wille), diatoms {analysed by M. Velez) and 

sedimentss (analysed by M. Velez and J. Vandenberghe) in order to provide a maximum 

understandingg of regional environmental change. Moreover, use of different proxies enables 

uss to test the interpretation of a single proxy (as is the case in the studies of Lagunas Piusbi 

andd Jotaordó) to other ones and provides the opportunity to validate current calibration tools. 

Wee try to relate the environmental history of Chocó to observed changes in the climatic 

settingg of the Colombian savannas (Behling and Hooghiemstra, 2000; Behling et al., in prep., 

Berrioo et al,, in review). 

2.2.. Environmental setting 

2.2,1.2.2,1. Geography 

Thee Pacific coast of Colombia, where the Chocó biogeographic area is located, is an 

tectonicallyy active area. Earthquakes are relatively frequent and some of them have caused 

subsidencee of parts of the Pacific coastline (Herd et al„  1981). The area lies on a Cretaceous 

oceanicc basement, overlain by Tertiary sediments which originated from fluvial terraces, and 

coveredd by Quaternary pyroclastic and alluvial deposits (Galvis et al., 1993). 

Lakee El Caimito (2°32' N, 77°36' W) is located at 50 m elevation in the southwestern part of 

thee Department of Cauca. southwest Colombia (Fig. 2.1. It Hes half-way between 

Buenaventuraa in the north and Tumaco in the south. The lake has a maximum depth of c. 4 m 

2 2 
deep,, has a diameter of some 200 m, and covers an area of c. 0.5 km . The water catchment 

extendss approximately 1000 m east-west, and 800 ra north-south. The lake has steep slopes 

andd there is no shore around the lake. The main inlets to the lake come from the east and 

northeast.. In the western part the El Caimito creek forms the outlet which flows from 

southeastt to northwest. After about 6 km this creek meets the Rio Guapi which reaches the 

Pacificc Ocean near the town of Guapi. The Pacific coast, made up by many relatively small 

islandss separated by creeks and larger water ways, is located c. 40 km to the northwest of the 

lake.. Some 30 km to the east of the lake the Western Cordillera (Serrania de San Juan) rises 

upp to a maximum altitude of some 1500 m. 
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Fig.Fig. 2.1 Map showing the location of Laguna El Caimito in Chocó Biogeographic Area. 

2.2.2.2.2.2. Vegetation 

Thee vegetation around Laguna El Caimito consists of very wet evergreen rain forest. The 

steepp slopes ensure lake shore vegetation is absent. For the vegetation around Laguna Piusbi 

(Fig.. 2.1; Behling et al., 1998) Moraceae. Melastomataceae. Lauraceae. Fabaceae. 

Caesalpiniaceae,, Mimosaceae, Rubiaceae, Myrtaceae and Areeaceae were identified as the 

mostt important families. Along the coast there is a c. 10-20 km wide belt with mangrove 

forest.. The forest in the hinterland of Guapi is named 'guandal' (del Valle, 1996). a 

floristicallyy diverse forest in which the following taxa are important for the pollen record: 

CampnospermaCampnosperma panamensis, Socratea exorrhiza, Otoba gracilipes and Ocotea ohlingifolia. 

2.2.3.2.2.3. Climate 

Thee Pacific Coast of Colombia receives some of the highest precipitation in the world. Mean 

annuall  precipitation ranges from 2000 mm in the south to 12,700 mm in the north. Seasonality 

inn precipitation is related to the latitudinal movement of the Intertropical Convergence Zone 

(ITCZ).. Maximum precipitation occurs from April to June, when the ITCZ shifts north, and 

fromm September to November, when the ITCZ shifts to the south. Periods of marked decrease 

inn precipitation are rare and short (one week) and may occur during El Nino events (West, 
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1957).. In 1983, a well known El Nino year, the weather station in Guapi recorded the 

followingg reductions in precipitation relative to the same period in 1982: January -37%, 

Februaryy -50% and March -43% (IDEAM, pers. comm.). Mean annual precipitation is c. 

65000 mm, and mean annual temperature 26°C (IDEAM, pers. comm.). The diurnal 

temperaturee range in Tumaco and Buenaventura is less than 5°C (Del Valle 1994). 

2.2.4.2.2.4. Human occupation of Chocó 

Thee Pacific coast of Colombia and the area of Guapi have been under the influence of human 

settlementss since the second century AD. According to Patino (1988) early populations lived 

inn the coastal area and did not reach further inland. However, the pollen record of Laguna 

14 4 Piusbii  recorded human impact since about 3460 C yr BP based on an increase of palms and 

grassyy vegetation (Behting et al., 1998). Agricultural activities in the area of Laguna Piusbi, 

14 4 
shownn by the presence of Zea mais, were recorded since about 1700 C yr BP. 

2.3.. Methods 

2.3.1.2.3.1. Core recovery, pollen and diatom analysis 

Thee 610-cm core was drilled in 100-cm increments by H. Behling and H. Hooghiemstra in the 

centree of the lake with a modified Livingston corer. Presence of sand prevented further 

sedimentt recovery. The 100 cm sediment intervals, collected in aluminium tubes, were not 

extrudedd in the field and transported in the original aluminium tubes to the laboratory in 

Amsterdam.. Sediments were stored under cold <4DC) and dark conditions. Separate samples of 

11 env*  for diatom and pollen analysis were taken at 5 cm intervals along the core. 

Diatomss were prepared according to Van der Werff and Huls (1963). The following literature 

wass used for diatom identification and ecology: Germain (1981), Patrick and Reimer (1966), 

Krammerr and Lange-Bertalot (1986, 1991, 1997). Hustedt (1930, 1959, 1961-66), De 

Oliveiraa and Steinitz-Kannan (1992), Hickel and Hakansson (1991), Steinitz-Kannan et al., 

(1986).. Steinitz-Kannan et al., (1982), Moro and Furstenberger (1997). and Moro (1998). In 

eachh sample a minimum of 400 valves were counted; only the interval from 504 to 475 cm 

containedd insufficient diatoms to reach that sum. Diatoms are grouped into the following 

habitatt preferences, 1) planktonic, 2) benthic, 3) littoral and 4) aerophylous. 
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Pollenn samples were prepared using standard treatment, including sodium pyrophosphate, 

acetolysiss and heavy liquid separation by bromoform (Faegri and Iversen, 1989). Before 

treatment,, tablets with exotic Lycopodium spores were added to each sample for calculation 

off  pollen concentration and pollen influx values. Pollen samples were mounted in a glycerin 

gelatinn medium. A minimum of 300 pollen grains was counted. The pollen sum consists of 

taxaa representing the regional forest; aquatic taxa, fem spores, fungal spores and algae 

coloniess are excluded from the pollen sum. For pollen and spore identification we used 

publicationss by Behling (1993), Graf (1992), Herrera and Urrego (1996), Hooghiemstra 

(1984),, Murill o and Bless (1974. 1978). Roubik and Moreno (1991), and the reference 

collectionn of modern pollen and spores of the Hugo de Vries-Laboratory. The software MS 

EXCEL,, T1LIA, TILIAGRAPH AND CONÏSS was used for calculations, graphing the 

diagrams,, and for cluster analysis of the diatom and pollen diagrams. 

2.3.2.2.3.2. Time control of the sediments 

33 14 
Sevenn bulk samples of 1 cm were collected for AMS C dating at depths where significant 

changess in the pollen record occurred. The sample at 546 cm had a volume of 4 cm due to 

loww organic content. Samples were cleaned of roots and dated at the Van der Graaff-

14 4 Laboratoryy of the University of Utrecht (Van der Borg et al., 1987). The C ages were 

calibratedd with the Cal20 software (Van der Plicht, 1993). The calibrated ages were 

determinedd after visual inspection of the probability distributions (2s) along the dendro-

calibrationn curve. We tried to fix the calibrated dates relatively in the middle of the 

probabilityy distribution curves and there at highest probability values. Due to this procedure 

wee give no standard deviation or time intervals for the calibrated ages. 

2.3.3.2.3.3. Sediment analysis 

Sampless for grain size analysis were taken every 5 cm at adjacent depths to those used for 

pollenn and diatoms sampling; from 500 to 610 cm core depth we sampled with 10 cm 

increments.. Samples were prepared for sedimentological analysis according to Konert and 

Vandenberghee (1997) and analysed by a FRITSCH A22 'Laser Particle Sizer'. Sand is >63um, 

clayy is <5.5 um, and silt represents the range from 5.5 to 63 urn. The sediments were 

describedd with a Munsell colour chart. To analyse the total organic content of the sediments. 
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sampless for loss on ignition (LOI) were taken every 10 cm and processed after Speranza et al. 

(2000).. Major element analysis was carried out using atomic emission spectrometry for 

sampless taken at 20 cm increments along the core. 

2.4.. Results 

2.4.1.2.4.1. Time control and stratigraphy 

Thee seven AMS C ages (Tab. 2.1.) of core El Caimito show the sediment core represents 

thee last c. 3900 calendar years before present (cal BP). 

Tub.Tub. 2.1. Radiocarbon ages of samples from core El Caimito (Chocó, Colombia). 

)epth h 

11 1 
151 1 
266 6 
398 8 
498 8 
546 6 
598 8 

(cm)) 1 4C y r B p 

-16211 8 
5222  30 
8799 1 
15166  31 
20400  60 
30033  34 
34922  35 

calBP P 

modem m 
535 5 
775 5 
1405 5 
1975 5 
3175 5 
3760 0 

SS C(p.mil) 
-32.4 4 
-33.0 0 
-32.1 1 
-33.8 8 
-32.9 9 
-25.6 6 
-28.3 3 

UtC-No o 

8365 5 
8366 6 
8367 7 
8368 8 
5790 0 
8369 9 
5789 9 

COL-No o 

1186 6 
1187 7 
1188 8 
1189 9 
1107 7 
1190 0 
1106 6 

Thee depth-age diagram curve (Fig. 2.2.) shows a sedimentary hiatus between 546 and 498 cm. 

Inn the sedimentary record there is a distinct change at 504 cm; this core depth has a calculated 

agee ranging from 2700 to 2010 cal BP. 

Wee conclude that during that period sediments were eroded and sedimentation started again 

aroundd 2010 cal BP; as a consequence, there is a hiatus in the record of almost 700 years. 

Fromm 498 cm to the top a constant decrease of the sedimentation rate can be recognised. 

Wee suggest that this decrease is related to the gradually decreasing availability of sediment in 

thee small catchment area after the lake came into existence. This interpretation is supported 

byy the decrease in sand content in the upper part of the sediment column. The stratigraphy of 

thee core is summarised in Tab. 2.2. Downcore changes of the percentage of clay, silt, and 

sand,, and changes in LOI  are shown in Fig. 2.3. (appendix); this diagram includes 57 samples 

forr LOI , 106 samples for grain size and 35 samples for major elements. 
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1000 0 2500 0 3000 0 35000 4000 2000 0 

call  BP 
Fig.Fig. 2.2. Depth vs. age graph of sediment core El Caimito (Chocó. 

Colombia).Colombia). Shaded curve: sand content. 

Tab.Tab. 2.2. Stratigraphy of the core El Caimito. 

0-1122 cm soft dark greenish/grey fine detritus mud with leaf fragments; 
horizonss with melastomataceous leaves at 15 and 84.5 cm 

112-182.55 cm peaty, dark grey detritus mud; horizons with leaves at 112, 140 and 
1622 cm; wood fragments at 167 cm 

182.5-183.55 cm light grey clay 
183.5-215.55 cm dark greenish/grey fine detritus mud; horizon with leaves at 215 cm 
215.5-5088 cm dark grey organic rich clay.; few leave remains: horizons with leaves 

att 367 and 451 cm 
508-6077 cm light brown/grey silt 
607-6100 cm hard brown sand 

2.4.2.2.4.2. Concise description of the zonation of the pollen, diatom and sediment records 

Downcoree changes in the diatom content is shown in Fig. 2.4. (appendix): this includes 99 

samples.. A total of 68 diatom species were identified. Species with less than 1% 

representationn were not graphed and not used for the interpretation; most represented benthic 

andd periphytic taxa. Planktonic diatoms were limited to only a few species. 

Downcoree changes in the pollen associations are shown in Fig. 2.5.(appendix): this diagram 

includess 119 samples. Below 605 cm no pollen was preserved; between 605 and 540 cm 

pollenn was absent or the pollen content was too low to reach a meaningful sum. In total 168 

differentt fossil pollen and spore types were identified. An additional 25 pollen and spore types 

remainedd unknown. Pollen grains represent mainly arboreal taxa (about 90%). Between 605 
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andd 500 cm also herbaceous laxa reach about 20% of the total pollen sum. Aquatic pollen was 

almostt absent. 

Resultss from the major element analysis (Fig. 2.3., appendix) indicate that the lake has 

becomee gradually less productive and depleted in nutrients (decrease in P2O5). The increasing 

MgO/Al2033 ratio indicate a gradual increase in the input of Manganese into the lake. CaO 

contentt is positively correlated to the increase of silt. Therefore, Calcium seems to be 

allochthonouss and probably derived from the Cretaceous limestones. Elements such as 

Aluminiumm and Iron have been relatively stable in the lake. 

Fig.. 2.6. (appendix) shows a selection of the most important pollen and diatom taxa. The 

zonationn is based on results from cluster analysis of the pollen diagram, cluster analysis of the 

diatomm diagram, the grain size analyses, and visual inspection of the CONISS dendrogram. 

Thus,, the zonation of Fig. 2.6. (appendix) is based on all proxies. Six different zones, CAJ-1 

too CAI-6, can be recognised. 

Inn zone CAM (605 - 504 cm) sediments are mainly composed of sandy silts (25% sand and 

44%% silt) and a smaller proportion of clay (30-35%). The colour of the sediments (2.5Y 4/4) 

andd the low LOI values (5-10%) indicate a low organic matter content. The percentages of the 

majorr elements are low; only S1O2 is abundant (64%). No diatoms are preserved in this core 

interval.. It is likely that the high porosity of the sandy deposits prevented preservation. Also 

pollenn grains are badly preserved. Especially in the lower part of this zone (605-540 cm) 

pollenn content is low and mainly grains of Leguminosae (32%-50%), Moraceae/Urticaceae 

(40%),, and Melastomataceae (15%-30%) are found. Between 540 and 504 cm the 

representationn of Leguminosae decreases to 35-10%, whereas the percentages of 

Moraceae/Urticaceaee and Melastomataceae increase slightly. Setaginella (15%), other fern 

spores,, and Asteraceae (30%) reach maximum values. This interval includes the radiocarbon 

agee of 5 1 4C yr BP (3760 cal BP) at 598 cm, and 4 1 4C yr BP (3175 cal BP) 

att 545 cm. 

Zonee CAI-2 (504-402 cm) starts with a change in sediment: from non-humic silty sediments 

inn CAM to a humic clay (10YR 4/2) in this zone. The stratigraphic contact between both 

typess of sediments is sharp. This abrupt change is also recorded by the LOI which rises 

suddenlyy from 8.3% to 29%. The sharp contact and the shift in the depth vs. age graph (Fig. 

2.2)) points to a hiatus at 504 cm. In the lower part of zone CAI-2 the sand fraction is high 

(15%)) but it gradually decreases towards the top of the zone (< 4%), The contribution of clay 

variess between 30% to 74%, whereas the silt fraction is relatively stable around 30%. Most of 

thee elements show a marked increase at the bottom of the zone, except for Si02 (average 
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64%-35%),, T1O2 (average 0,9%-0.7%) and the MgO/Al203 ratio (average 0,09%-0,055%) 

whichh decrease. From this depth to the upper part of the core, the percentages of Fe203, 

AI2O3,, Ti02 are relatively constant (Fig. 2.3, appendix). 

Diatomss are scarce and badly preserved at the bottom of zone CAI-2; they appear at 475 cm. 

Firstt the assemblage is dominated by Frustulia rhomboides (55%), Pinnularia spp. (50% in 

thee bottom to 15% in the middle part) (bad preservation prevented further identification), 

CymbeilaCymbeila gracilis (15%) and C. spicula (15%), The middle and upper part of the zone is 

dominatedd by Frustulia rhomboides (30%-45%), Aulacoseira cf. herzogii (c.30%), 

AnomoeoneisAnomoeoneis brachysira (20%-30%). Cymbeila and Pinnularia species are reduced to about 

5%% or less. Species of Eunoiia. Actinella guianensis, Navicula spp. and Achanthes 

subatomoidessubatomoides appear for the first time (Fig. 2.4., appendix). 

Thee pollen record shows at the bottom of CAI-2 a sharp increase of Rhizophora (5%-10%) 

andd Cecropia (5%-15%), Towards the upper part of this zone representation of Rhizophora is 

increasingg from 10% to 25%. Selaginella disappears, and representation of Asteraceae and 

Leguminosaee drop to low values (5%). The contribution of Moraceae/Urticaceae is stable in 

thee whole pollen zone (50%), whereas percentages of Melastomataceae decrease from 30% to 

15%.. This interval includes the radiocarbon age of 0 yr BP (1975 cal BP) at 498 cm. 

Inn zone CAI-3 (402-274 cm) sediments are dominated by clay (around 70%). The silt fraction 

iss relatively stable (around 28%) and the sand fraction is low (< 2%). At 294 cm and 341 cm 

theree is a marked increase in sand (15% and 5%, respectively). LOI values are relatively 

constantt between 25% and 30%. P2O5 is relatively high (0,65%) but decreases to the top of 

thee zone to 0,51%. The CaO/Al203 ratio is low (average 0,0144%) with maxima at the 

bottomm (0,0071%) and in the upper part of the zone (0.0061%). At 340 cm most of the major 

elementss have a sharp increase (Fig. 2.3., appendix) except for phosphorous. 

Thee diatom assemblage is dominated by Anomoeoneis brachysira (55%-60%) and Frustulia 

rhomboidesrhomboides (25%). Other main taxa are Eunotia intermedia, Cymbeila gracilis, C. spicula. 

AulacoseiraAulacoseira cf. herzogii and Pinnularia spp. In this zone Eunotia species become more 

commonn and Pinnularia spp. are less common than in the previous zone (Figs. 2.4. and 2.5., 

appendix). . 

Inn the pollen record Moraceae/Urticaceae and Melastomataceae (both around 20%) are most 

abundant.. Rhizophora decreases from 30% at the bottom of the zone to 20% at the top. 

CecropiaCecropia values increase from 5% at the bottom to 15% at the top. This interval includes the 

radiocarbonn age of 1 yr BP (1405 cal BP) at 398 cm. 
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Inn zone CAI-4 (274-174 cm) sediments are still dominated by clay (around 70%). The content 

off  silt and sand is similar to the previous zone. The proportion of sand increases sharply at 

2733 cm (up to 10%) and 219 cm {up to 7%), and at these horizons the contribution of clay 

decreasess to 45% and 49%, respectively. LOI values decline from 27% at the bottom to 18% 

att the top of the zone, probably related to the increasing sand content. P2O5 values decrease 

fromm 0,47% to 34%, values of other elements are stable during this interval. 

Thee diatom assemblage is dominated by Anomoeoneis brachysira (45%-55%) and Frustulia 

rhomboidesrhomboides (c. 40%). Important taxa, in decreasing order of abundance, are: Aulacoseira cf. 

herzogii.herzogii. Eunotia intermedia, Cymbetla gracilis, Cymbella spicula, Eunotia aff. glacialis and 

PinnuiariaPinnuiaria spp. A. brachysira tends to decrease towards the top, whereas F. rhomboides and 

AA cf. herzogii tend to increase. Common elements are Anomoeoneis serians and Actinella 

guianensis.guianensis. E. sepientrionalis disappears from the record. 

Thee pollen assemblages are still characterised by a stable representation of 

Moraceae/Urticaceaee (20-30%) and Melastomataceae (15%). The contribution of Cecropia 

increasess to 15% at the middle of the zone, falls to 3% around 200 cm, and increases to 13% 

att the top of CAI-4. The values of Rhizophora range between 10% and 30% and 

representationn is contrary to the representation of Cecropia. This interval includes a 

radiocarbonn age of 1 yr BP (775 cal BP) at 266 cm core depth. 

Inn zone CA1-5 (174-91 cm) sediments are composed mainly of clay (around 80%). At 119, 

124,, 167, 173 cm core depth, there is a marked increase in sand content (12%, 6%, 20%, and 

4%% respectively) and a concomitant decrease in clay. At 119 cm there is a marked increase in 

thee grain size as there are sand particles of 500 pm diameter. Values of LOI have a minimum 

off  13% at 165 cm, and maxima of 30% (125 cm) and 32% (115 cm); during the remaining 

partt of this interval values are low (17-18%). At 120 cm depth all major elements show a 

markedd decrease: P2O5 from 0.35% to 0.24%, TiC<2, from 0,9% to 0,7%, Fe203/Al2O3 ratio 

fromm 0,4% to 0,3%, and Si02 from 46,5% to 39%. Only the ratio CaO/Al203 increases from 

0,011 % to 0,004%. In the remaining upper part of the core average values of the previous zone 

aree reached again. 

Thee diatom assemblages are dominated by Anomoeoneis brachysira (20%-45%), Frustulia 

rhomboidesrhomboides (c. 35%-40%) and Aulacoseira cf. herzogii (10%-30%). Common species are 

AnomoeoneisAnomoeoneis serians, Eunotia intermedia, Cymbella gracilis, Cymbella spicula, Eunotia aff. 

glacialis,glacialis, Eunotia subarcuatoides, Eunotia minor, Eunotia trigibba, Actinella guianensis, 

PinnuiariaPinnuiaria spp. are rare and tend to disappear. 
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Thee pollen assemblages show average values of Melastomataceae of 15-20% with two 

maximaa at 150 cm and 110 cm; at the top of the zone only 10% is noted. The percentages of 

Moraceae/Urticaceaee decrease to 10%. Rhizophora values decrease to 3% in the middle of the 

zone,, but increase to 10% at the top. The representation of Cecropia increases from 7% to 

10%.. The representation of Arecaceae, mostly with values of 3-4% in the core, reach in the 

middlee of the zone relatively high values of 10%. This interval includes a radiocarbon age of 

00 yr BP (535 cal yr BP) at 151 cm. 

Inn zone CAI-6 (91-0 cm) sediments are dominated by clay (around 75%). At 73 cm die clay 

contentt decreases from 70% to 44% coinciding with an increase in silt of 28% to 55% , LOl 

valuess are stable around 17% . The contribution of most elements are stable, except for the 

increasee in the ratios of MgO/Al2Ü3 (average 0,068%-0,O78%) and Fe203/Al203 (average 

0.3%-0,47%). . 

Thee diatom assemblages are dominated by Anomoeoneis brachysira (c. 40%), Frustulia 

rhomboidesrhomboides (25%) and Aulacoseira cf. herzogii (10-20%). This zone shows high 

representationn of Eunotia intermedia (increase from 5% to 10%), Eunotia praerupta (c. 5%), 

CymbellaCymbella gracilis (c. 5%), and Eunotia subacuartoides. Pinnularia braunii appeared again in 

thiss interval. 

Thee pollen assemblages are characterised by increasing values of Moraceae/Urticaceae from 

14%% to 25% and decreasing percentages of Melastomataceae from 15% to 10% minimum. 

RhizophoraRhizophora values show an average around 10% with two spikes of 15%. Cecropia 

percentagess increase from 10% to 15% at the top of the zone. This interval includes a 

radiocarbonn age of -1621+28 yr BP (modem) at 11 cm. 

2.5.. Reconstruction of environmental change in the study area 

Zonee CAM (estimated period from 3840 cal BP to 2700 cal BP; 605-504 cm): The abundant 

depositionn of sand and silt, and the low organic matter content of the sediments (low values of 

thee LOI record) indicate that during this period the site was a depression influenced by 

fluviall yy transported material. Abundant coarse sediments are indicative of a high-energy 

environmentall  setting. Reducting conditions in the sediments might be indicated by relatively 

loww values of Fe203- The coarse deposits provided unfavourable conditions for preservation 

off  diatoms and pollen grains and, as a consequence, the pollen and diatom association may be 

biased.. The presence of Seiaginella fems (common in active drainage systems) is indicative 

off  a high energy environment, as well as abandoned parts of a drainage system. Presence of 
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Leguminosae,, Asteraceae and Melastomataceae may be indicative of an arboreal vegetation 

thatt occurs in coastal areas out of the reach of floodings of brackish water (del Valle, 1996): 

mangrovee forest {Rhizophora) is absent in the catchment area of the basin. Arboreal taxa, 

suchh as Piper, Acalypha, Alchornea, Solanaceae, Hedyosmum and Cyatheaceae reflect more 

inlandd lowland forest. 

Ass discussed before, the transition from zone CAM to CAI-2 coincides with a hiatus in the 

sedimentaryy record of some 700 years. This points to a period of erosion that lead to the 

formationn of a depression in the landscape where 500 cm of sediments accumulated during the 

lastt 2000 years. Our study area is well known for its tectonic activity and episodes of 

subsidencee (Herd et al„  1981). A tectonic event might have caused a change in the river 

systemm allowing the formation of El Caimito lake. 

Zonee CAI-2 (estimated period from 2010 cal BP to 1430 cal BP; 504-402 cm): The increase 

inn clay and total carbon content of the sediments suggest that sedimentation occurred under 

quiett lacustrine conditions where organic material from the surrounding vegetation could 

accumulate.. The amount of silt and sand at the beginning of the period indicate that the 

sedimentaryy basin was not fully isolated from the regional drainage system and at least 

experiencedd periodically input of coarse sediment under higher energy conditions. However, 

thee coarse sediment fraction diminished rapidly and indicate that die basin became isolated in 

somee 200 years. Shallow conditions are indicated by the abundance of benthic and littoral-

benthicc diatom species, such as Fruslulia rhomboides, Anomoeoneis brachysira, Pinnularia 

spp.. Cymbella spicula, Cymbelia pseudogracilts and species of Eunotia. This diatom 

associationn suggests the lake was acidic (pH range between c, 4 and 6 is indicated), 

oligotrophic,, and the water had low conductivity. Riverine influence during the second half of 

thiss period is supported by the presence of Aulacoseira cf. herzogii which requires turbulence 

(Vann Landingham, 1964) and prefers some turbidity (Jewson et al., 1993). The diatom 

association,, grain size characteristics, LOI values, and major elements indicate that 

sedimentationn in a proper lacustrine environment started in this period. 

Mostt conspicuous in the pollen record is the presence of mangrove forest. Marine 

palynologicall  studies (Muller, 1959; Hooghiemstra and Agwu, 1986) have shown that 

significantt representation of mangrove pollen is only found at a short distance from the source 

areaa and there is no evidence that wind transport is an important factor in the distribution of 

RhizophoraRhizophora pollen. We therefore assume that the mangrove forest was at a close distance to 

thee lake. At the present day brackish water penetrates few kilometres inland and the mangrove 

forestt penetrates the coastal forest along the water ways. As the mangrove forest was closer to 
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thee site, we infer that the coastline was closer to the lake. This situation is very plausible as 

tectonicc uplift and/or fluvial deposition of material from the Western Cordillera might cause 

shiftss of the coastline. In the regional forest Moraceae/Urticaceae, Melastomataceae, 

Arecaceaee (palms), Leguminosae, Piper, Acalypha, Solanaceae, Alchornea, Sapotaceae and 

Sapindaceaee were important taxa. Significant representation of Weinmannia may be related to 

regionall  forest at higher elevation, but Gentry (1986) noted presence of 'montane trees' in the 

lowlandd forests of Chocó under extreme precipitation values (see the discussion in Van der 

Hammenn and Hooghiemstra, 2000). Cecropia is a typical pioneer tree which occupies barren 

landd after riverine disturbance. Highest representation of Cecropia coincides with peaks of 

siltt and sand fractions, suggesting that expansion of Cecropia forest follows riverine 

disturbancee of local forest. In between these events of forest disturbance mature forest, 

dominatedd by Melastomataceae, Leguminosae and Arecaceae, was common. 

Zonee CAI-3 (estimated period from 1430 cal BP to 810 cal BP; 402-274 cm): The coarse 

fractionn is almost absent and sediments consist almost purely of clay and silt. Apparently, the 

drainagee system had no influence any more on the lake. Events with increased sand content, 

andd changes in major elements, indicate that there were two main pulses of increased riverine 

energy.. The first one occurred between 1160 and 1130 cal BP (340-346 cm). The marked 

changee in major elements, in particular the increase in T1O2 and Fe203, indicates more soil 

erosionn followed by an increased input of heavy minerals and detrital material into the lake. 

Thee second pulse occurred around 900 cal BP (295 cm). Indeed, Cecropia responds to these 

eventss and pioneer forest expanded. Also the high representation of indeterminate pollen 

grains'' (Fig. 2.5) may be related to riverine supply of a wider variety of pollen taxa from the 

watershedd area to the basin. Benthic species dominate the diatom assemblages and sediments 

mainlyy consist of clay; it is plausible that the lake reached in this period the present setting 

withh a water depth of some 4 m. The Rhizophora record reaches highest values in the 

beginningg of this zone (around 1430 cal BP) and mangrove forest, possibly occurring as 

narroww zones along the river system, must have been at close distance to the lake. During this 

periodd the proportion of Rhizophora decreased; apparently the belt with mangrove forest 

shiftedd westward between 1430 and 810 cal BP. We infer a westward migration of the 

coastline,, possibly related to regional tectonic uplift. Compared to the previous zone, the 

regionall  forest hardly changed in floral composition. Moraceae/Urticaceae, Melastomataceae, 

Arecaceaee (palms), Leguminosae. Acalypha, Solanaceae, Alchornea, Sapotaceae and 

Sapindaceaee were important taxa. but Piper and Acalypha became less common. The 

proportionn of Weinmannia remained unchanged compared to the previous zone. 
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Zonee CAI-4 (estimated period from 810 cal BP to 580 cal BP; 274-174 cm): This period 

showss alternating maxima of clay and silt, pointing to a stable lacustrine setting. Three spikes 

off  the coarse fraction (sand and silt) at 275 cm, 225 cm and 174 cm document occasional 

riverineriverine input of sediments. The first two events are, as in the previous events, followed by 

expansionn of Cecropia dominated pioneer forest. Also the increase of Aulacoseira cf. 

henogiihenogii might indicate an increase of depositional energy, as this diatom species requires 

turbulencee and turbidity to float (Van Landingham, 1964; Jewson et al., 1993). 

Thee representation of Rhizophora first increased (until about 720 cal BP), but diminished 

betweenn about 640 and 580 cal yr BP and remained at a low level up to recent time. We 

interprett the second major expansion of mangrove forest in this record either as an inland 

migrationn of the coastline (in the direction to lake El Caimito) related to tectonic activity, or a 

significantt re-organisation of the system of water ways in the coastal area near Guapi. The 

latterr may also be related to tectonic activity. The pollen record shows littl e evidence for 

changess in the floral composition of the regional lowland forest, compared to the previous 

zone.. Palms (Iriartea in particular), Sapotaceae and Protium became more common in the 

forest,, whereas the gradually increasing values of 'indeterminate pollen grains' (not occurring 

ass spikes any more; Fig. 2.5, appendix) is considered to reflect a floristically more diverse 

forest. . 

Zonee CAJ-5 (estimated period from 580 cal BP to 300 cal BP; 174-91 cm): Grain size shows 

aa continuation of the conditions in die previous zone. There are two main spikes of coarse 

sandd and silt which represent occasional pulses of high riverine energy. The oldest one 

occurredd at c. 570 cal BP and the other at c. 420 cal BP. Both events relate to abrupt maxima 

inn the total organic content of the sediments. It is plausible that this organic matter was 

suppliedd by the river and caused a more productive lake. Considering the total record, this 

zonee reflects a low energy environment with maximum accumulation of clay, and an input of 

organicc matter that reflects the autochthonous production in and around the lake (high energy 

riverinee events supply coarse fraction as well as allochtonous organic matter). The diatom 

association,, Anomoeoneis brachysira, Eunotia spp. and Frustulia rhomboides in particular, 

indicatess oligotropic and acidic water with low conductivity. The peak of Aulacoseira cf. 

herzogiiherzogii and the concomitant decrease in benthic diatoms during die last high energy riverine 

eventt support a more energetic environment, a disturbed bottom lake and an increased in 

turbidityy and water turbulence. 

Thee pollen record shows from Üiis zone onward (the last 580 years BP) low representation of 

Rhizophora.Rhizophora. The belt with mangrove forest apparently shifted to the west and reached die 
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greatestt distance from lake El Caimito recorded in the last 2000 years. This may be indicative 

off  some tectonic uplift of the coastal area. From this zone onward, the representation of 

CecropiaCecropia and palm trees (Arecaceae) increased markedly suggesting more inland areas along 

thee rivers were disturbed by river dynamics. A response of the palm record was also noted in 

lakee Piusbi (southern Chocó; Behling et aL, 1998), Amazonia (Berrio et al., 1999), and in the 

savannass of the Llanos Orientales (Behting and Hooghiemstra, 1998, 1999) and interpreted as 

increasedd human disturbance, because palms are intensively used in human settlements. On 

thee other hand are palms very abundant in floodplain forest in Chocó and reflect probably 

forestt dynamics, due to changes in the river system. The proportion of 'indeterminated pollen 

grains'' has higher values reflecting an increase of the floral composition of the coastal forest. 

Zonee CAI-6 (estimated period from 300 Cal BP to present day): Sediments are dominated by 

clayy and silt indicative of stable lacustrine conditions without riverine influence. Low LOl 

valuess indicate that the level of carbon input by the local ecosystem in and around the lake 

wass low. The diatom assemblages indicate acidic (estimated pH 4-6) and oligotrophic water 

withh low conductivity. The increase of Eunotia praerupta and P, braunii indicative of iron 

(Moroo and Fürstenberger, 1997) matches the increased values of Fe203. Therefore, we infer 

thee water was richer in iron. 

Thee pollen record shows a regional forest type in which MoraceaertJrticaceae, 

Melastomataceae,, Arecaceae (palms), Legumlnosae, Piper, Acalypha, Sapotaceae, Protium, 

andd Ficus are most important. The proportion of 'indeterminate pollen grains' has the highest 

valuess reflecting higher floral diversity of the forest. The relatively high proportion of 

CecropiaCecropia and palms are considered as a reflection of increased river dynamics. The 

contributionn of potential 'montane trees' to the pollen spectra {Weinmannia, Hedyosmum, Ilex) 

iss low and may reflect the natural proportion of these taxa to super-humid lowland rain forest. 

Wee expect melastomataceous trees to be most important in the forest close to the mangrove 

beltt (see zone CAI-1); the decrease reflects the present day environmental stability in the 

studyy area. 
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2.6.. Discussion 

Ass demonstrated in the previous section, integration of pollen, diatom, grain size, and major 

elementt proxies appears to be very helpful to infer in more detail the development of a 

dynamicc environment and should be taken as a stimulus for multi-proxy studies. 

Thee record demonstrates a development from: (1) a high energy (coarse sediments) river-

influencedd basin, at close distance to the coastal mangrove forest, from 3800 to 2700 cal BP 

(zonee CAM) , to (2) a period of riverine erosion in the depression, causing a hiatus in the 

recordd from 2700 to 2010 cal BP, to (3) a lake system that is periodically affected by events 

off  high energy by the regional drainage system (repeated abrupt input of coarse sediments in a 

matrixx of clay and silt, followed by an expansion of Cecropia dominated pioneer forest in 

riverineriverine disturbed areas) and at very close distance to mangrove forest along the drainage 

systemm from 2010 to 580 cal BP (zones CAI-2 to CAI-4), to (4) a lake isolated from regional 

riverineriverine system disturbance (high content of fine grained sediments, a total carbon content of 

thee sediment that reflect only the local input and production in the lake) surrounded by a 

floristicallyy diverse forest with probable impact of human activities (during the last 580 cal 

BP,, but especially during the last 300 years). 

Duringg zones CAI-2 to CA1-5 (2010 to 300 cal BP), six distinct horizons with a high content 

off  sand and silt (430-420 cm, 1593-1536 cal BP; 310-290 cm, 990-885 cal BP; 275 cm, 808 

call  BP; 223-220 cm, 685-677 cal BP; 173-167 cm, 580-568 cal BP; 120-124 cm, 432-413 cal 

BP)) indicate periodic events of high energy by the river system. But the intensity of these 

eventss (based on the sand and silt record) seems to decrease and matches the decreasing 

contentt of total organic matter. During zones CAI-2 and CAI-3 the basin received 

allochtonouss carbon but during zones CAI-5 and CAI-6 only locally produced carbon reached 

thee sediments. The fioristic composition of the forest responds clearly to die periodic high 

energyy events: expansion of the Cecropia dominated pioneer forest follows each event of high 

energyy and forest rich in melastomataceous taxa prevail during the stable periods when mainly 

clayy is deposited. Decreasing flooding intensity in lake El Caimito also matches with the 

observedd succession in the pollen record: periodically damaged lowland rain forest at close 

distancee to the mangrove belt (zones CAI-2 to CAI-4) becomes gradually floristically richer 

(increasee of unidentified pollen types) when soils are better drained and the distance from the 

studyy site to the belt with mangrove forest increases. 

Wee observed that periods of higher riverine energy interrupted more quiel lake deposition 

(clayy deposition and less than 0.4% sand) periodically after 1570. By using linear 
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interpolationn of the calibrated radiocarbon ages we calculated 57, 119, 9, 24, 21. 27, 77, 39, 

199 and 210 years time between these high energy events. The occurrence of those periods 

couldd be related to the El Nino/Southern Oscillation (ENSO) frequency. According to 

Andersonn et al.. (1982) long term ENSO variability is expressed in cycles of 50. possibly 22 

andd between 80 to 100 years. 

Thee diatom associations from lake El Caimito are dominated by Anomoeoneis brachysira, 

FrustuliaFrustulia rhomboides, Aulacoseira cf. herzogii and species of Eunotiu, and Cymbella. This 

associationn points to acidic and oligotrophy conditions in a relatively shallow and stable 

waterr body during the last 1840 years. Decreasing abundance of ,4. brachysira and the P2O5 

contentt in the sediments, might indicate that this species was favoured during the fust part of 

thee record by the relatively high nutrient content of the water. Maximum abundance of 

AulacoseiraAulacoseira cf. herzogii. indicative of increased turbidity and turbulence, coincided and 

followedd episodes of higher energy in the ecosystem . 

Thee diatom assemblages found in the El Caimito sediments are very similar to those found in 

modernn lakes in Brazilian and Ecuadorian Amazonia (De Oliveira and Steinitz-Kannan. 1992; 

Moraa and Fiirstenberger 1997; Steinitz-Kannan et al.. 1982. 1988). They are characterised by 

beingg poor in planktonic, and rich in periphytic and benthic species. Such water bodies are 

alsoo frequently dominated by a Eunotia-Frustulia coenose (Uherkovich and Franken. 1989 in 

dee Oliveira and Steinitz-Kannan. 1992). 

Fig.Fig. 2.7 Map showing the tentative changes of the geographical position oj the 

coastlinecoastline and the mangove bell in the study area. 

Togetherr with the pollen records of Laguna Piusbi (Behling et al., 1998) and Laguna Jotaordó 

(Berrioo et al. 2000) (Fig. 2.1) the pollen record of El Caimito is the third document of 

environmentall  dynamics in the lowland rain forests of Chocó. All sedimentary basins 

originatee from a dynamic and high energy fluvial system and developed into a lake system 
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moree of less isolated from the regional drainage pattern. Continuos records were registered 

fromm 4300 14C yr BP in Piusbi, around 2010 l 4C yr BP in El Caimito. and around 1440 l 4C 

yrr BP in Jotaordó. Lakes Piusbi and El Caimito are both located in the coastal plain and 

registerr the presence of mangrove forest. Migrations of the belt with mangrove forest near the 

coastt were inferred from the pollen record (Fig. 2.7). The movement of the coastline can be 

explainedd by the tectonic instability (uplift and subsidence) (Herd et al., 1981) and/or fluvial 

depositionn of material coming from the Western Cordillera. Shifting coastlines inferred from 

pollenn records were earlier documented for Guyana and Surinam by Wijmstra (1971). 

Thee floral composition of the regional forest near Piusbi and El Caimito is similar, but differs 

fromm Jotaordó. This is due to the different setting of the Jotaordó site which has no contact to 

thee coastal area and is located in a broad river valley with a meandering drainage system. 
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Mid -- to late Holocene rain forest dynamics in Chocó: a synthesis 

basedd on three pollen records 

M.. Wille, J.F. Duivenvoorden, L.E. Urrego. H. Hooghiemstra, H. Behling, J.C. Berrio 

Abstract t 

Ann integration of floristic inventory studies of forest types in Chocó, pollen analysis and 

numericall  analysis of pollen counts from three sediment cores (Piusbi, El Caimito, and 

Jotaordó)) was the base for a reconstruction of the dynamics in floodplain forest types in 

Chocó,, western Colombia since ca. 4400 years ago. The forest type profiles from the three 

Chocóó pollen records suggest only slight vegetational changes through time. The inferred 

compositionn of forests near lake Piusbi seems to be less palm-rich than those near lakes El 

Caimitoo and Jotaordó. We infer the farthest inland location of mangrove at ca. 3000 - 2300 
l4CC yr BP at site Piusbi and at ca. 1970 - 700 MC yr BP in El Caimito. In northern Chocó at 

sitee Jotaordó the location of the mangrove (coastline) was probably stable since 1300 C yr 

BP.. The Piusbi section contains the highest amount of vascular plant pollen taxa, probably 

relatedd to the position of the Piusbi lake closer to upland forest, than the other two lakes. Each 

off  the three sections contain only 20-32 % of the numbers of vascular plant genera compared 

too rain forest surveys from Amazonia and the Chocó. All sections show a steady increase of 

vascularr plant pollen, that continues for at least 1200 yr (Jotaordó), 1800 yr up to 3300 yr 

(Piusbi).. S0renson similarity between the three lake sections based on cumulative content of 

vascularr plant pollen converges after a few hundreds years to levels that remain between 55 

andd 65%. Each of the three sections apparently contain pollen taxon assemblages that differ to 
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aa substantial degree. This is probably due to diverging site conditions or different taxon 

compositionn of the surrounding forests. The principal variation in vascular plant pollen 

contentt of the three section shows periodicities in time that might be related to the 80 yr 

Gleissenbergg solar cycle. 

Keyy words: Chocó, paleoecology, rain forest dynamics, time series analysis, contingency 

periodogram,, Holocene, pollen. 

3.1.. Introductio n 

Thee Chocó biogeographic region is among the areas in the world with highest phytodiversity 

(Gentry,, 1986). Recently a series of mid- to late Holocene palaeoecological studies from the 

Chocóó area have been published, based on pollen analysis of cores from lake Piusbi (Behling 

ett al., 1998), lake Jotaordó (Berrio et al., 2000) and lake El Caimito (Velez et al., in press). 

Thesee pollen records showed rather uniform profiles for most of the pollen taxa, which 

indicatess that strong changes in forest cover and composition related to significant changes in 

climatee or environment, as occurred in Holocene sections from Amazonia (e.g. Urrego, 1997; 

Behlingg et al., 1999) did not take place. The objective of the current paper is to provide a 

comparativee interpretation and synthesis of the three sections on the basis of newly compiled 

reconnaissancee survey data of Chocó forests and a numerical analysis, including time series 

analysis.. In addition photo plates (see appendix) are given to present the main pollen flora of 

thiss area. 

Thee rather homogeneous pollen levels in the Piusbi section led Behling et al. (1998) to the 

conclusionn that the past and present very moist climate of the Chocó area with littl e human 

influencee allowed maintenance of a stable ecosystem, suggesting rather constant forest 

compositionn during the mid- to late Holocene. Such views are not in line with long term 

monitoringg studies of tropical rain forest dynamics which show more or less continuous 

compositionall  changes (eg Whitmore, 1989). Non-equilibrium concepts of rain forests 

(Hubbelll  & Foster, 1986) infer such ongoing changes in forest composition, that may take 

placee even under constant environmental conditions. 

Wee compare the long-term development of the three pollen records from the Chocó area in 

orderr to examine whether the successional patterns could have been generated in absence of 

strongg environmental differences between the three lake environments and assuming wide-

spreadd occurrences of most plant taxa in the Chocó area (Pitman et al., 1999). We hypothesise 
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thatt in the three sections, forest succession should start with a particular combination of 

vascularr plant genera (by accident present at the time of creation of the forest in each of the 

threee lake environments). In the course of time, more taxa from the available regional taxon 

pooll  would enter the sections leading to a gradual increase in similarity between cumulative 

taxaa composition between the sections. In absence of habitat preferences, the cumulative taxon 

compositionn of the three sections would converge to highly similar levels. The increase in 

cumulativee overall taxa number through time would approach at total gamma diversity in the 

Chocóó rain forest area (ignoring losses due to poor pollen preservation). The time series 

analysiss aims at describing periodicities in the pollen composition of the three analysed 

sectionss that might have remained undetected during the visual examination of the pollen 

diagrams. . 

3.2.. Setting of environment and available pollen records 

Thee Chocó biogeographic region comprises the lowlands between the Pacific Ocean and the 

Westernn Cordillera of the northern Andes. The area is some 1000 km long and ca. 40 to 100 

kmm broad and extends from 8°50'N to 0°50'S, and between 76°W and 79°W. It is still widely 

coveredd by undisturbed rain forest. To the north the Chocó rain forest extends into Panama 

wheree it is called Darién, to the south it extends into Ecuador where it is called Esmeraldas 

(Fig.. 3.1.). Due to the high precipitation, the Chocó area is drained by a dense river system. 

Thee water level of rivers fluctuate significantly on a temporal scale from days to hours 

dependingg on the intensity and duration of rainfall. As the relief is rather flat, large areas near 

thee rivers are frequently flooded. The Atrato River is the longest river in the Chocó area and 

drainss northward into the Caribbean Sea. Lake Jotaordó belongs to the floodplain system of 

thiss river. 
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Fig.Fig. 3.1. Map .showing the locations of the pollen sites 

discusseddiscussed in the text. Map A: dotted pattern = Darien. 

Chocó.Chocó. Esmeraldas. Map B: dotted pattern = Andes. 

Inn the Andean area near Quibdó lies the origin of the San Juan River. Between Buenaventura 

andd Guapi. where Lake El Caimito is located, the Chocó rain forest zone is only 40 km wide. 

Lakee El Caimito belongs to the catchment of the Guapi River, which drains into the Pacific 
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Ocean.. The southern part of Chocó is drained by the Patia River, which is ca. 360 km long 

andd originates near Popayan in the Central Cordillera. The isolated Lake Piusbi is located in 

uplandd areas of the drainage basin of this river. 

Inn Chocó average temperature is ca. 26°C throughout the year. Annual precipitation values are 

markedlyy high. In the northern part near the border to Panama, annual precipitation reaches 

valuess of 3000 to 5000 mm. In the middle Chocó, between 4000 and 7500 mm near the coast, 

andd up to 12,000 mm near the Andes (West, 1957). The southern Chocó between 

Buenaventuraa and Ecuador receives 3000 to 5000 mm annually, increasing up to 8000 mm at 

thee foot of the Andes (Del Valle, 1994). In Table 3.1. site specific data of the Chocó lakes are 

presented. . 

Tab.Tab. 3.1. Site specific data of the Chocó lakes. From left to right name, attitude, co-

ordinates:ordinates: lake character, size, depth, associated river system. 

Name,, altitude, co-ordinates Site character 

Jotaordó,, 50m, 5°48'N, 76°42'W open lake, size: 8km2, 10m deep, connected to the 

Atratoo River system by a stream. 

Ell  Caimito, 50m, 2°32'N, 77°36'W open lake, size: 0.5km2, 4m deep, connected to the 

Guapii  River system by a stream. 

Piusbi,, 80m, 1°53'N, 77°56*W closed lake (today 25 m above river level in an upland 

setting),, size: 5km2, 24m deep, in die catchment area of 

thee Patfa River 

3.2.13.2.1 Sedimentological description of Chocó pollen cores 

AA summary of the stratigraphy of the three sediment cores is given below (full details of each 

coree are in Behling et al. (1998), Berrio et al. (2000) and Velez et al. (in press). 

Jotaordó:: The upper 420 cm of this 500-cm long sediment core are made up by organic rich 

clayeyy sediments. Between 420 and 500 cm sediments are sandy. 

Ell  Caimito: The 610-cm long sediment core El Caimito contains between the top and 215.5 

cmm fine detritus mud. Between 215.5 and 508 cm sediments are clayey and organic rich and 

betweenn 508 and 610 cm the sand content increases constantly. Between 420 and 120 cm six 

horizonss with higher sand content could be identified. 
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Piusbi:: The upper 265 cm of this 500-cm long sediment core consist mainly of fine detrical 

mud.. Between 265 and 500 cm sediments change into grey clay with some thin sandy layers. 

3.3.. Methods 

3.3J.3.3J. Pollen analysis 

Alll  sediment cores were cored with a modified Livingston piston corer (5 cm diameter). For 

coringg and sampling details we refer to the original publications (Behüng et al., 1998; Berrio 

ett al., 2000 and Velez et al., in press). All pollen samples were treated with the standard 

methodss including sodium pyrophosphate, acetolysis and heavy liquid separation with 

bromophormm (Faegri and Iversen, 1989). A minimum of 300 pollen grains (excluding aquatic 

taxa,, fern spores, fungal spores and algae colonies) was counted. For pollen and spore 

identificationn publications by Behling (1993), Graf (1992), Herrera and Urrego (1996), 

Hooghiemstraa (1984). Murillo and Bless (1974, 1978), Roubik and Moreno (1991), and the 

referencee collection of modem pollen and spores of the Hugo de Vries-Laboratory were used. 

3.3.23.3.2 Time control 

Timee control of the sediments from lakes Piusbi, El Caimito and Jotaordó is based on 25 AMS 
UCC dated bulk sediment samples (Tab. 3.2.). All ages are expressed in radiocarbon yr before 

presentt (BP). Subsets of samples with an approximately linear time-depth relationships were 

selectedd (Fig. 3.2.). With few exceptions (one sample in the Jotaordó core and seven in the El 

Caimitoo core), original sampling interval was 5 cm at the El Caimito core, and 10 cm at the 

Piusbii  and Jotaordó cores (Tab. 3.3.). The samples, that were not taken at equidistant depths, 

weree replaced by interpolated objects which contained average pollen counts of the nearest 

upperr and lower sample. Subsequently, the age of all samples (including the newly calculated 

objects)) was estimated by linear regression of time to depth. Analysed periods started at 1970 

BPP (fitted age at depth of 500 cm) in El Caimito, at 4360 BP (fitted age at depth of 260 cm) in 

Piusbi,, and 1420 BP (fitted age at depth of 410 cm) in Jotaordó. Fitted temporal resolution 

(R()) was 20.7 yr in El Caimito, 79.3 yr in Piusbi and 32.5 yr in Jotaordó. 
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Tab.Tab. 3.2. Radiocarbon dates of sediment cores discussed in the text, 

InIn all cases bulk sediment samples were dated. Dated samples located 

inin the numerically analysed core interval are marked with an 

asterisk. asterisk. 

Pollenn record 

Jotaordó ó 

Ell  Cairn ito 

Piusbi i 

Depthh (cm) 

5* * 

40* * 

180* * 

275* * 

412* * 

422 2 

498 8 

11* * 

151* * 

266* * 

398* * 

498* * 

546 6 

598 8 

5* * 

45* * 

95* * 

150* * 

195* * 

260* * 

270 0 

335 5 

398 8 

450 0 

498 8 

HCyrBP P 

-7333  39 

3655  39 

6000 0 

9833  46 

14388  45 

40533  60 

42300 0 

-16211 8 

5222  30 

8799 1 

1 1 

20400 0 

30033  34 

34922  35 

2222  33 

9288  35 

19099 8 

26466  38 

32544  40 

43400  60 

61333 9 

71300 0 

76600  50 

76700  70 

68500  50 

Lab,, number (Col-no.) 

UtC-8013(1168) ) 

UtC-8014(I169) ) 

UtC-8015(JJ70) ) 

UtCC 8016(1171) 

UtC-8017(1172) ) 

UtC-8035(1173> > 

UtC-57911 (1108) 

UtC-8365(1186) ) 

UtC-8366(1187) ) 

UtC-8367(1188) ) 

UtC-8368(1189) ) 

UtC-5790(lI07) ) 

UtC-83699 (1190) 

UtC-5789(lI06) ) 

UtC-5835(llt4) ) 

UtC-5386(1115) ) 

UtC-5837(llI6) ) 

UtC-58388 (1117) 

UtC-5839(1118) ) 

UtC-5840(1119) ) 

UtC-58411 (1120) 

UtC-5842(lI21) ) 

UtC-5787(1104) ) 

UtC-5843(1122) ) 

UtC-5788(lI05) ) 

3.3.33.3.3 Chocó forest types and their appearance in the palynological sections 

Thee information regarding the Chocó forest types and their dominant vascular plant taxa is 

basedd on reconnaissance survey observations (Urrego, Hooghiemstra) and taken from 
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14CyrBP P 
Fig.Fig. 3.2. Time-depth relationship of sediments from the Piusbi. Jolaordó. and El Caimito 

sections.sections. Markers indicate samples with ' C dates. Samples with closed markers were 

selectedselected for numerical analyses. 

followingg literature: Del Valle 1996; Fabcr-Langendoen & Gentry, 1991; Finol 1993; Gentry, 

1986;; IGAC-INDERENA-CONIF, 1984; Molina, in prep, and Universidad Nacional, 1995. 

Thee composite pollen percentage diagrams of forest types (Fig. 3.3.) were calculated from the 

originall  counts. Scores of samples and objects in diagrams represent summed pollen counts of 

thee indicator pollen taxa for each forest type, divided by the total counts per sample of 

vascularr plant pollen, excluding ferns and allies. As several pollen taxa are indicative for more 

thann one forest type (e.g. Melastomataceae/Combretaceae). the total sum of percentages per 

samplee exceeds 100%. 

3.3.43.3.4 Numerical analysis 

S0rensenn similarity coefficients (Legendre and Legendre, 1998) with respect to presence-

absencee of genera were calculated between cumulative genus composition of samples from the 

Jotaordóó section and the total genus composition of the El Caimito and Piusbi sections, and 

betweenn cumulative genus composition of samples from the El Caimito section and the total 

genuss composition of the Piusbi section. In this analysis plant taxonomie names were based on 

Mabberley(1989). . 
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Tab.Tab. 3.3. Characteristics of the subsets of data selected for the numerical analysis. The 

numbernumber of samples, temporal resolution, and the number of fossil pollen types are indicated. 

Namee Number of Interval between samples Vascuiar plants (excluding ferns and allies) 

samples s 

Depthh (cm) Temporal resolution (yr> Types Genera Families Total taxa 

Jotaordóó 41 10 32.5 14 74 59 113 

Ell  Caimito 99 5 20.7 22 76 73 140 

Piusbii  53 5 79.3 44 83 74 162 

Too prepare each sample subset (El Caimito, Piusbi, Jotaordó) for time series analysis, 

correspondencee analysis was done with log transformed counts of vascular plant taxa 

(includingg types, genera and families but excluding ferns and allies), using default options in 

CANOCOO 4 (ter Braak and Smilauer, 1998). One outlying sample in the Piusbi section was 

downweightedd (weight 0.1). Sample scores of die first CA axis were detrended by first-order 

differencing,, applying SPSS10. 

Rhythmss in these detrended sample scores were explored by applying two methods: 

1)) Contingency periodograms were defined using default options (classes defined by the 

program)) in the Periodograph module for the Macintosh in R package 3.0 (Legendre and 

Vaudor,, 1991). The significance level was determined using a progressive Bonferoni 

proceduree on the basis of a starting significance level of 10% (Legendre and Legendre, 1998). 

Thee time lapse of rythms was calculated by multiplying the period (T) with the temporal 

resolutionn (Rt) of each section 

2)) Spectra were estimated by taking the discrete Fourier transform of the differenced sections, 

applyingg S-Plus 2000 (1999). Spectra were smoothed by modified Daniell windows with 

spanss of 3, and taper fractions of 0.1. By default, the 95% confidence interval and the 

bandwidthh of the estimate are plotted in the upper right corner of the smoothed periodograms, 

andd printed as subtitle. 
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3.4.. Results 

3.4.1.3.4.1. The Chocó forest types 

Thee Chocó forest types and their principal enviromental conditions to which they are 

associatedd are listed in Tab. 3.4. This table also lists the vascular plant taxa that are most 

dominantt in these forests, and their related indicator pollen taxa. The most important pollen 

andd spore types, found in the pollen records, are shown on Plates 1-15 (see appendix). Some 

additionall  remarks concerning the recognition of these forest types in palynological studies 

aree given below. 

Mangrovee forest can be clearly detected by Rhizophora and Avicennia pollen. Pollen from 

ConocarpusConocarpus and Laguncuiaria might also help to distinguish mangrove forest but this pollen 

cannott be separated from Melatomataceae/Combretaceae pollen. Mora megistosperma 

dominatedd forest is difficult to identify in the pollen diagram, because dominant taxa are poor 

pollenn producers (Pachira, Tabebuia) or belong to families with indifferent pollen types 

(Arecaceaee and Moraceae/Urticaceae), The palm-dominated forest types (Bactris setulosa, 

EuterpeEuterpe oleracea, Raphia taedigera, Mauritiella macroclada, Oenocarpus bataua) are as 

groupp relatively easy to recognise. In the three studies only a few individual palm taxa were 

separatedd (from the mentioned taxa only Mauritiella pollen grains was distinguished). The 

pioneerr communities are easy to recognise in pollen sections on the basis of a combination of 

pollenn types from Cecropta, Asteraceae and Poaceae. Pioneer and palm-rich forest types in 

Chocóó are seen as indicators for dynamic depositional environments in floodplains directly 

alongg river channels. 

Figg 3.3. (following page) Pollen diagrams of die Chocó forest types from Piusbi, El Caimito 

andd Jotaordó sections showing percentages of indicator pollen sums (see Tab. 3.4.). 
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3.4.23.4.2 Concise description of the forest type pollen diagrams (Fig. 3.3.) 

Jolaordó:: the analysed section from Jotaordó spans the time period of ca. 1420 - 120 BP. 

Betweenn 1420 and 1300 BP Campnosperma panamense dominated forest has highest values. 

Otherr forest types with higher percentages are Mora megistosperma, Euterpe oleracea, 

MauritieilaMauritieila macroclada, Prioria copaifera dominated forest and pioneer forest. Mixed forest, 

mangrove,, Otoba gracilipes and Raphia taedigera dominated forest have low values. Other 

forestt types are almost absent. Between 1300 and 120 BP mixed forest increases strongly, 

alsoo mangrove reach somewhat higher percentages. Campnosperma panamense and 

MauritieilaMauritieila macroclada dominated forest decrease. All other forest types show a stable 

development. . 

Ell  Caimito: the analysed section from El Caimito covers the time period of ca. 1970 BP until 

present-day.. Between 1970 and 700 BP mixed forest and mangrove show highest values of all 

pollenn spectra, followed by Raphia taedigera, Prioria copaifera, Euterpe oleracea, pioneer 

forest,, Mora megistosperma, Otoba gracilipes and Bactris setutosa dominated forest. 

MauritieilaMauritieila macroclada and Oenocarpus bataua dominated forest are present, but with low 

percentages.. Montrichardia arborescens dominated forest is almost absent. Between 700 BP 

andd present-day the percentages of mangrove decrease. Bactris setulosa and pioneer forest 

havee somewhat higher percentages than before. All other forest types show minor changes. 

Aroundd 100 BP values of Mora megistosperma, Euterpe oleracea, Raphia taedigera and 

PrioriaPrioria  copaifera dominated forest increase. 

Piusbi:: the analysed section from Piusbi covers the time period of ca. 4360-230 BP. Between 

43600 and 3000 BP pollen spectra are dominated by Mora megistosperma, Prioria copaifera, 

CampnospermaCampnosperma panamense dominated forest and mixed forest, but all of these records show 

decreasingg percentages. Values of Bactris setulosa dominated forest and pioneer forest are 

constantt and play a minor role. The mangrove forest record increases during this time 

interval.. Other forest types are almost absent in the whole section. Between 3000 and 2300 

BPP Mora megistosperma, Prioria copaifera, Campnosperma panamense dominated forest 

andd mixed forest show minima, Bactris setulosa dominated forest and pioneer forest have 

stablee values and mangrove reaches a maximum. Between 2300 and 230 BP Mora 

megistosperma,megistosperma, Prioria copaifera and Campnosperma panamense dominated forest show, 

afterr a slight increase, stable values. Percentages of mixed forest increase constantly towards 

thee top. Bactris setulosa dominated forest percentages increase around 2400 BP and have 
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stablee values until the top. Pioneer forest values start to increase around 2300 BP and show 

alsoo relatively stable percentages in this time interval. 

Tab.Tab. 3.4. Forest types recognised in Chocó rainforest area, their environment, in which they 

occur,occur, and the most characteristic plant taxa. The last column shows how forest types can 

potentiallypotentially be recognised in the fossil pollen spectra. 

Forestt type Environment t Dominantt plant taxa Indicatorr pollen 

Mangrovee saline conditions on marshy soils 

underr tidaJ influence with variable 

inundationn levels, most extended 

distributionn between the rivers Patfa 

andd Guapi. occurs sometimes (due to 

tidall  dynamics) some tens of 

kilometerss inland 

MoraMora transitional zone between mangrove 

megistospermamegistosperma and floodplain forest; Mora 

megistospermamegistosperma dominated forest 

toleratess light saline conditions and 

periodica]]  fresh water inundation 

Avicennia,Avicennia, Conocarpus erecta, Avicennia, Mela stom ataceae/ 

LagunculariaLaguncularia racemosa, Combretaceae, Rhizophora 

PellkieraPellkiera rhizophorae, 

Rhizophora Rhizophora 

EuterpeEuterpe oleraceae. Mora 

megistosperma,megistosperma, Pachira 

aquatica.aquatica. Tabebuia rosea 

Bignoniaceae, , 

EuterpelCeonomaEuterpelCeonoma type, 

Moraceae/Urticaceae, , 

Pachira,Pachira, Tabebuia 

BactrisBactris setutosa floodplains middel Atrato riverr basin, 

includingg permanent swamps and 

riverr banks (may cover large areas 

withh pure stands), tolerance to high 

inundationn levels, sun tolerant 

BactrimBactrim setulosa, Cecropia, Arecaceae, Cecropia, 

NectandraNectandra reticulata, Triptaris Coccoloba/Triptaris type 

cumingianacumingiana Nectandra/Ocotea type. 

Prioria Prioria 

copaifera copaifera 

floodplainss (restricted to Atrato, 

Truandóó and León river valleys in 

northernn Chocó), flooding duration 

severall  months 

Raphia Raphia 

taedigera taedigera 

Montrichardia Montrichardia 

arbarescens arbarescens 

floodplainss middle Atrato riverr basin, 

tolerancee to high inundation levels 

permm amen t swamps in floodplains (in 

northernn Chocó) 

AnacardiumAnacardium excelsum, 

BrosimunBrosimun utile, Hirtetla 

racemosa,racemosa, Parkia auriculata. 

PrioriaPrioria  copaifera, 

PterocarpusPterocarpus officinalis, 

RheediaRheedia madruno, Viroia 

flexuosa flexuosa 

CaiophytlumCaiophytlum mariae, 

PentaclethraPentaclethra macroioba, 

Pterocarpus,Pterocarpus, Raphia taedigera 

Anacardiaceac, , 

Chrysobalanaccac.. Gutli ferae, 

Leguminosae, , 

Moraceae/Urticaceae,, Parkia, 

Viroia Viroia 

Arecaceae,, Gutti ferae, 

Leguminosae.. Penthaclethra 

MontrichardiaMontrichardia arboreacens, 

PistiaPistia striatiotes 

MontrichardiaMontrichardia,, Araceae 
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Tab.Tab. 3.4. (continued) 

MauritiellaMauritiella palm rich, often near Rapkia 

macrociada macrociada taedigerataedigera and Euterpe oieracea 

forest,, but on better drained areas 

surroundingg low levees, inundation 

levelss not too high, marshy 

CampnospermaCampnosperma panamense, 

MauritiellaMauritiella macroclada, 

OenocarpusOenocarpus baiaua 

Anacardiaceae,, Arecaceae, 

Mauritiella Mauritiella 

Oenocarpus Oenocarpus 

baiaua baiaua 

waterr saturated clayey soils, O. 

batauabataua may occur in pure stands (in 

northernn Chocó) or in mixed forests 

CampnospermaCampnosperma panamense, 

Dendrobangia,Dendrobangia, Erythroxylum, 

Humiriastrum,Humiriastrum, Oenocarpus 

bataua bataua 

Anacardiaceae,, Arecaceae, 

Erythroxylum,Erythroxylum, Humiriaceae, 

Icacinaceae e 

EuterpeEuterpe floodplains, with high inundation 

oieraceaoieracea levels stands with E. oieracea and 

Poaceaee occur, otherwise other taxa 

comee in. £ oieracea is a pioneer 

treee on frequently flooded soils 

CampnospermaCampnosperma forms pure stands of C. panamense, 

panamensepanamense but also commonly found with 

MauritiellaMauritiella palms, soils saturated 

withh water not longer than 3 months, 

inundationn levels up to 30 cm, C. 

panamensepanamense is sun tolerant. 

Brosimum,Brosimum, Eschweilera, 

EuterpeEuterpe oleraceae, Grias, 

Lacmettea,Lacmettea, Manicaria, 

Oenocarpus,Oenocarpus, Pentaclethra, 

Symphonia Symphonia 

Alchorneopsis, Alchorneopsis, 

CampnospermaCampnosperma panamense, 

Cespedesia,Cespedesia, Euterpe, 

Hasseltia,Hasseltia, Psyckotria, 

Vantanea,Vantanea, Mauritiella 

Apocynaccae,, Arecaceae 

Euterpe/GeonomaEuterpe/Geonoma type, 

Lecythidaccae, , 

Moracc cae/U rticaceae, 

Pentaclethra,Pentaclethra, Symphonia 

Anacardiaccac. . 

Euphorbiaceae, , 

Euterpe/GeonomaEuterpe/Geonoma type, 

Flacourtiaeeae.. Humiriaceae, 

Mauritiella,Mauritiella, Ochnaceae, 

Psychotria Psychotria 

OtobaOtoba gracilipes well drained soils in floodplains 

(naturall  levees) and uplands (fluvial 

terracess and low hills), restricted to 

Patfaa river valley, southern Chocó. 

CahphyllumCahphyllum longifolium, 

CespedeziaCespedezia macrophylla, 

Hyeronima,Hyeronima, Otoba gracilipes, 

PterocarpusPterocarpus officinalis, 

SwartziaSwartzia amplifolia, 

SymphoniaSymphonia globulifera, Virola 

sebiferasebifera and Virola reidii 

Euphorbiaceae,, Hyeronima, 

Leguminosae,, Myristicaceae, 

Ochnaceae,, Swartzia, 

Symphonia,Symphonia, Virola 

Mixedd forest seasonally flooded well drained flood 

(includingg plain soils (natural levees), species 

Guandall  forest) rich, palm trees absent 

BrosimunBrosimun utile, Castillo 

elastica,elastica, Ceiba pentandra, 

OtobaOtoba gracilipes, Symphonia 

globulifera,globulifera, Terminalia amazo 

nia,nia, Trichilia, Vochisia, Ceiba 

pentandra,pentandra, Eschweilera, 

PentaclethraPentaclethra macroloba, 

Pterocarpus Pterocarpus 

Moraceae/Urticaceae,, Ceiba, 

MM c lastomataceae/ 

Combrctaceae,, Leguminosae, 

Lecyttiidaceae,, Meliaceae, 

Myristicaceae,, Pentaclethra, 

Symphonia,Symphonia, Vochysiaceae, 
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Tab.Tab. 3.4. (continued) 

Pioneerr recently formed sandflats in 

communitiess floodplains. characterized by sun 

tolerantt and fast growing species; 

alsoo in forest gaps created by fallen 

treess and human influence 

Acalypha,Acalypha, Cecropia, Ficus . Acahpha. Asteraceae, 

Guazuma,Guazuma, Inga, Poaceae, Cecropia, Ficus, Inga, 

Solarium,Solarium, Tessaria. Vismia Poaceae, Solanaceae, 

Sterculiaceae.. Vismia 

3.4.33.4.3 Comparative numerical analysis of Chocó pollen sections 

Inn the analysed periods, sediment accumulation in the Piusbi section is ca. 5 times slower than 

inn the other two sections (Fig. 3.2.). In the Jolaordó section the lowest number of taxa is 

found.. The Piusbi section is richest in laxa. and also contains the highest proportion (27%) of 

unknownn pollen types (El Caimito: 16%, Jolaordó: 12%). 

Thee three sections show comparable patterns of plant genera accumulation (Fig. 3.4.). 
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Fig.Fig. 3.4.(left) Cumulative number 

ofof identified fossil pollen types of 

vascularvascular plant genera in the 

recordsrecords of Piusbi, El Caimito and 

Jolaordó. Jolaordó. 

50000 4000 3000 2000 1000 0 
1 4Cyrr BP 

Duringg the initial phase of the analysed period, the number of genera accumulates rapidly 

withh a speed of about 4.1 genera 100 y r ' (Piusbi) and 11.2-11.4 genera 100 yr (El Caimito 

andd Jotaordó). After this first phase, the speed of genera accumulation becomes lower to 0.8 

generaa 100 yr ' in Piusbi and 1.7-2.1 genera 100 yr ' in El Caimito and Jotaordó. Starting 

amountt of genera in the Jotaordó section is higher (34) than in El Caimito (19) and Piusbi 

(16).. Table 3.5. lists all identified vascular plant genera (excluding ferns and allies) with their 

timee of first appearance in each section (t =0 defined as the start of the analysed periods). 
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Thee patterns of similarity through time between the cumulative genera composition of the 

threee possible pairs of sections are remarkably uniform (Fig. 3.5.). In the first 200 yr, 

cumulativee similarity rise relatively quickly (from 0.35-0.45 in El Caimito compared to 

Piusbi,, and 0.40-0.54 in Jotaordó compared to El Caimito and Piusbi). After that, the 

similarityy coefficients level off to maximum values of 0.55-0.65. 
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Ell Caimito vs. Piusbi 
Jotaordóó vs. El Caimito 
Jotaordóó vs. Piusbi 
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14CyrBP P 
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Fig.Fig. 3.5. (left) S0renson similarity 

coefficientscoefficients calculated with 

cumulativecumulative genus composition of 

JotaordóJotaordó samples and the total 

genusgenus composition of the El 

CaimitoCaimito and Piusbi sections, and 

cumulativecumulative genus composition of 

JotaordóJotaordó samples and the total 

genusgenus composition of the Piusbi 

section. section. 

Thee scores on the first axis of the correspondence analysis (Fig. 3.6., upper graphs) of all 

sectionss show clear trends in time (scores in Jotaordó and El Caimito increase, scores in 

Piusbii  decrease). The first order differencing successfully removes these trends resulting in 

sequencess that approximate condition of stationairity (Fig. 3.6., lower graphs). 

Tab.Tab. 3.5. Vascular plant genera (excluding ferns and allies) and their time of first 

recordingrecording (yr) in three Chocó pollen sections. 

Acalypha Acalypha 

Aegiphita Aegiphita 

Alchornea Alchornea 

Aliberlio Aliberlio 

Allophylus Allophylus 

Alnus Alnus 

Alternanthera Alternanthera 

Ambrosia Ambrosia 

Jotaordó ó 

0 0 

420 0 

0 0 

290 0 

130 0 

. . 

Caimito o 

0 0 

1550 0 

0 0 

170 0 

1680 0 

0 0 

Piusbi i 

0 0 

560 0 

0 0 

2220 0 

1670 0 

0 0 

0 0 

1910 0 

Mabea Mabea 

Macoubea Macoubea 

Macrolobium Macrolobium 

Manihot Manihot 

Marila Marila 

MalayMalay ba 

Mauritiella Mauritiella 

Mimosa Mimosa 

Jotaordó ó 

70 0 

940 0 

0 0 

--
1110 0 

0 0 

0 0 

Caimito o 

0 0 

250 0 

--
--
--

1370 0 

0 0 

Piusbi i 

3570 0 

--

1030 0 

--
320 0 

--
0 0 
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Tab.Tab. 3.5. (con 

Anacardium Anacardium 

Annona Annona 

Anthurium Anthurium 

Apeiba Apeiba 

Astrocaryum Astrocaryum 

Astroniutn Astroniutn 

BanaBana ra/KUosma 

Baukinia Baukinia 

Begonia Begonia 

Bocconia Bocconia 

Bunckonsia Bunckonsia 

Byrsonima Byrsonima 

Byttneria Byttneria 

Casearia Casearia 

Cassia Cassia 

Cayaponia Cayaponia 

Cecropia Cecropia 

Ceitis Ceitis 

Chamaedorea Chamaedorea 

Chenopodium Chenopodium 

Cissus Cissus 

Clethra Clethra 

Clusia Clusia 

Cordia Cordia 

Crenea Crenea 

Crotalaria Crotalaria 

Crotan Crotan 

Cydisia Cydisia 

Daphne Daphne 

Desmodium Desmodium 

Dtdymopanax Dtdymopanax 

Dinizia Dinizia 

Dodonaea Dodonaea 

Doliocarpus Doliocarpus 

tinned) tinned) 

0 0 

0 0 

0 0 

0 0 

290 0 

0 0 

0 0 

0 0 

490 0 

750 0 

0 0 

1240 0 

1300 0 

100 0 

620 0 

490 0 

1240 0 

0 0 

130 0 

--

1880 0 

140 0 

0 0 

--
--

830 0 

540 0 

640 0 

--
1510 0 

80 0 

620 0 

120 0 

0 0 

1510 0 

I860 0 

500 0 

20 0 

560 0 

830 0 

1880 0 

950 0 

--
--

660 0 

80 0 

790 0 

790 0 

480 0 

--
--

1030 0 

790 0 

320 0 

--
--

4050 0 

790 0 

--
1030 0 

0 0 

0 0 

--
--

160 0 

1670 0 

480 0 

--
1590 0 

400 0 

400 0 

1030 0 

480 0 

80 0 

710 0 

Myrica Myrica 

Myrsine Myrsine 

Ochrotnn Ochrotnn 

Ocotea Ocotea 

Oreopanax Oreopanax 

Orycihantus Orycihantus 

Ouratea Ouratea 

Pachira Pachira 

Passiflora Passiflora 

Pentaciethra Pentaciethra 

Peperomia Peperomia 

Phyilanlhus Phyilanlhus 

Piper Piper 

Plantago Plantago 

Poa Poa 

Podocarpus Podocarpus 

Potamogeton Potamogeton 

Prestonia Prestonia 

Protium Protium 

Psychotria Psychotria 

Quararihea Quararihea 

Quercus Quercus 

Rhamnus Rhamnus 

Rhipsalis Rhipsalis 

Rhizophora Rhizophora 

Rumex Rumex 

Sagittaria Sagittaria 

Sapium Sapium 

Simarouha Simarouha 

Sloanea Sloanea 

Socratea Socratea 

Solanum Solanum 

Spermacoce Spermacoce 

Spondias Spondias 

70 0 

100 0 

70 0 

160 0 

70 0 

0 0 

--
130 0 

0 0 

0 0 

--
0 0 

--

0 0 

30 0 

--
0 0 

--
160 0 

1140 0 

70 0 

30 0 

30 0 

100 0 

0 0 

20 0 

0 0 

700 0 

460 0 

--
830 0 

140 0 

0 0 

100 0 

40 0 

0 0 

810 0 

1180 0 

0 0 

--

0 0 

1970 0 

--
0 0 

0 0 

--
1820 0 

480 0 

0 0 

--
240 0 

--

--
2780 0 

--
3730 0 

0 0 

--
0 0 

3100 0 

790 0 

0 0 

2940 0 

--
160 0 

400 0 

--
0 0 

3020 0 

560 0 

0 0 

2700 0 

0 0 

160 0 

0 0 

1510 0 
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Tab.Tab. 3.5. (continued) 

EUkkornia EUkkornia 

EuteEute rpe/Geonoma 

Ficus Ficus 

Fosteronia Fosteronia 

Fuchsia Fuchsia 

GuarGuar e a 

Guettarda Guettarda 

Gunnera Gunnera 

Hedyasmum Hedyasmum 

Heliocarpus Heliocarpus 

Heteropteris Heteropteris 

Hippocralea Hippocralea 

Humiria Humiria 

Hydrocotyie Hydrocotyie 

Hyeronima Hyeronima 

Hygrophila Hygrophila 

Ilex Ilex 

Inga Inga 

Ipomoea Ipomoea 

Iriartea Iriartea 

Irlbachia Irlbachia 

Juglans Juglans 

Jungia Jungia 

Ludwigia Ludwigia 

0 0 

--

--

0 0 

--

70 0 

980 0 

750 0 

0 0 

--
0 0 

0 0 

70 0 

--

1910 0 

0 0 

--
--

100 0 

--
540 0 

0 0 

20 0 

1430 0 

20 0 

430 0 

40 0 

20 0 

1990 0 

250 0 

--
140 0 

2700 0 

--
80 0 

80 0 

3810 0 

4050 0 

80 0 

0 0 

710 0 

--
80 0 

3260 0 

320 0 

--
950 0 

--
--

1030 0 

--

Stercularia Stercularia 

Sryrax Sryrax 

Symmeria Symmeria 

Symphonia Symphonia 

Symplocos Symplocos 

Tapirira Tapirira 

Tetrorchidium Tetrorchidium 

Tournefortia Tournefortia 

Trema Trema 

Trichiiia Trichiiia 

Triumfetta Triumfetta 

Ulmus Ulmus 

Vemonia Vemonia 

Virola Virola 

Vism'ta Vism'ta 

Vitex Vitex 

Vockysia Vockysia 

Warscewiczia Warscewiczia 

Weinmannia Weinmannia 

Wettinia Wettinia 

Xyris Xyris 

Zanthaxylum Zanthaxylum 

Zea Zea 

--
--

290 0 

0 0 

200 0 

0 0 

--
590 0 

0 0 

0 0 

70 0 

--

0 0 

0 0 

750 0 

0 0 

0 0 

--
70 0 

200 0 

1240 0 

--
40 0 

100 0 

1100 0 

--
--

990 0 

20 0 

0 0 

0 0 

290 0 

310 0 

--
0 0 

410 0 

390 0 

1030 0 

3570 0 

--

1190 0 

320 0 

80 0 

--
790 0 

--
870 0 

1110 0 

80 0 

3490 0 

--
80 0 

870 0 

3100 0 

320 0 

2780 0 

Thee contingency periodogram analysis of the Piusbi section yields a high B statistic for period 

T== 20, which corresponds to a time lapse of 1586 yr (Tab. 3.6.). Several fractions of this 

periodd (T- 5, 10 and 15) also show comparatively high B statistics, but diese are not 

significantt after the progressive Bonferoni correction. The Jotaordó section shows a basic 

significantt period of T= 5 or 163 yr. The El Caimito section has clear periodicities with a 

basicc rhythm ofT= 2, corresponding to 41, 83, 124 and 290 yr. 
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Fig.. 3.6. Upper graphs: scores of the first CA axes calculated with the vascular plant 

taxataxa counts from selected intervals of the Piusbi, El Caimito, and Jotaordó sections. 

LowerLower graphs: first order differenced values of same scores. The units along all 

horizontalhorizontal axes represent the samples of each section, ordered from bottom (left) to top 

(right). (right). 

Spectrall  analyses (Fig. 3.7.) yield significant frequencies, which approximately correspond to 

periodss of 81 and 186 yr (Jotaordó), 198, 317 and 793 yr (Piusbi) and 97 yr (El Caimito). 

Weakerr peaks in the El Caimito section point at rhytms of 47 and 56 yr. 

Harmonicss are defined as those periods that arc in integral proportion (rounded to one 

decimal)) to the principal rythms observed in the analyses. Table 3.7. shows the estimates of 

basicc periodicities that yield the highest number of harmonics in both contingency 

periodogramss and spectral analyses. The estimated common period that occurs in most of the 

analysess is 79.5 yr. A second estimated common period, which occurs less frequently, is 98 

yr. . 
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3.5.. Discussion 

3.5.13.5.1 Comparative paleo-ecological interpretation of the three sections 
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Thee forest types profiles from Chocó pollen records suggest only slight vegetational changes 

throughh time, which is in agreement with the findings in the original publications. Particularly 

sectionn Jotaordó has very stable profiles. With its longest time span, the forest type spectra of 

sitee Piusbi show, that here palm-rich floodplain forest types were less abundant than near the 

otherr sites. That might be explained by the more upland location of lake Piusbi today ca. 25 m 

abovee the river level. 

Fig.Fig. 3.7.(left) Smoothed periodograms of the detrended 

scoresscores of the first CA axes calculated with the vascular 

plantplant tcLxa counts from selected intervals of the Piusbi, 

ElEl Caimito and Jotaordó sections. The graphs show the 

»""  scores of the spectrum along with a cross in the upper 

rightright corner whose vertical component indicate the 

95%95% confidence interval for the spectrum (based on a 

chi-squaredchi-squared approximation) and whose horizontal 

elementelement indicates the bandwidth of the estimate. 

Althoughh all study sites are at a certain distance to the 

coastt (Piusbi ca. 80 km. El Caimito ca. 40 km and 

Jotaordóó ca. 70 km), mangrove forest was found in all 

studiedd sections. In Piusbi and El Caimito the record 

indicatess that mangrove, and therefore the coastline, 

wass nearest to Piusbi from 3000 to 2300 BP and to El 

Caimitoo from 1970 to 700 BP. In Jotaordó the 

mangrovee record is stable since ca. 1300 BP. It has to 

bee considered, that Rhizophora pollen, a direct indicator for mangrove forest, was only found 

inn Piusbi and El Caimito. whereas in Jotaordó only the relatively indifferent pollen type 

Melastomataceae/Combretaceaee may represent the mangrove forest record. 

Afterr highest abundance of mangrove in Piusbi and El Caimito. mangrove forest diminished 

too present-day level and was replaced by floodplain forest types. Bad ris setulosa dominated 
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forestt and pioneer forest increased in Piusbi around 2300 BP and Bactris setulosa, Otoha 

gracilipesgracilipes dominated forest and pioneer forest increased in El Caimito around ca. 700 BP. 

Thiss change from mangrove to higher abundance of floodplain forest suggests a reduction of 

thee water level of the river system and creation of open floodplain areas under frequent 

inundation.. Urrego (unpublished data) found indications for decreasing water levels probably 

causedd by tectonic events in a sediment core from the delta of the Patia river around 700 BP. 

Thee temporal offset of this change in Piusbi and El Caimito might be explained by the closer 

distancee of El Caimito to the coast. The mangrove belt (coastline) started to recede probably 

firstt at the inland site Piusbi before the development started closer to the coast in El Caimito. 

Thee relatively stable and parallel development of Chocó floodplain forest types stays in 

contrastt to the common development of river influenced forest in Amazonia. It is well known 

thatt many study sites in Amazonia (e.g. Quinché, Mariname: Urrego 1997; Pantano de 

Monica:: Behling et al., 1999; Rio Curua: Behling and Lima da Costa, 2000) received some 

majorr vegetational changes during the Holocene. These environmental changes were 

explainedd with changes in river dynamics and an alternation of dry and wet periods. Van der 

Hammenn et al. (1992) inferred dry periods for the Amazon basin during 3800-3200 BP and 

2700-19000 BP based on more organic rich material in the Rio Caqueta sediments. In latter 

Amazoniann studies (Behling et al., 1999; Behling and Lima da Costa, 2000) these dry periods 

couldd only partly or not be found. Therefore a proper reconstruction of Holocene climate 

changee in Amazonia is still missing. In Chocó, clear evidence for precipitation or other 

climatee change, as cause for the shown changes in river dynamics, is also missing. The 

relativelyy stable and parallel development of Chocó floodplain forest types stays in contrast to 

thee common development of river influenced forest in Amazonia. It is well known that many 

studyy sites in Amazonia (e.g. Quinché, Mariname: Urrego 1997; Pantano de Monica: Behling 

ett al., 1999; Rio Curua: Behling and Lima da Costa, 2000) received some major vegetational 

changess during the Holocene. These environmental changes were explained with changes in 

riverriver dynamics and an alternation of dry and wet periods. 

Tab.Tab. 3.6. Results of the contingency periodogram analyses of the differenced scores of the 

firstfirst CA axes calculated with the vascular plant taxa counts from selected intervals of the 

Jotaordó,Jotaordó, Piusbi and El Caimito records. B - values of the statistic B {Legendre & Legendre 
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1998).1998). P = probability of periods. Significant periods after the progressive Bonferoni 

correctioncorrection are indicated with an asterisk. 

Piusb i i 

perio dd (yr ) 

159 9 

238 8 

318 8 

397 7 

476 6 

556 6 

635 5 

715 5 

794 4 

873 3 

953 3 

1032 2 

1111 1 

1191 1 

1270 0 

1350 0 

1429 9 

1508 8 

1588 8 

B B 

0.00 1 1 

0.01 2 2 

0.11 3 3 

0.16 4 4 

0.02 8 8 

0,15 4 4 

0.19 2 2 

0.11 8 8 

0.30 3 3 

0.16 7 7 

0.23 6 6 

0.23 2 2 

0.21 5 5 

0.4O 8 8 

0.41 1 1 

0.41 8 8 

0.32 4 4 

0.51 4 4 

0.62 4 4 

P P 

0.9 4 4 

0.8 7 7 

0.0 7 7 

0.0 3 3 

0.9 8 8 

0.1 9 9 

0.1 3 3 

0.7 2 2 

0.0 2 2 

0.6 3 3 

0.3 2 2 

0,4 5 5 

0.6 7 7 

0.0 4 4 

0.0 6 6 

0.0 9 9 

0.4 8 8 

0.0 3 3 

0.0 0 0 

Caimit o o 

perio dd (yr ) 

41 1 

62 2 

83 3 

104 4 

124 4 

145 5 

166 6 

186 6 

207 7 

228 8 

249 9 

269 9 

290 0 

311 1 

331 1 

352 2 

373 3 

394 4 

ff  414 

B B 

0.03 6 6 

0.01 8 8 

0,05 0 0 

0.00 3 3 

0.07 3 3 

0.05 4 4 

0.06 4 4 

0.06 7 7 

0.06 9 9 

0.02 5 5 

0,10 0 0 

0.05 8 8 

0.18 1 1 

0.06 3 3 

0.14 8 8 

0.02 7 7 

0.15 2 2 

0.12 5 5 

0.11 4 4 

P P 

0.0 11 * 

0,1 7 7 

Jotaord ó ó 

perio dd (yr ) 

65 5 

98 8 

0.0 22 *  13 0 

0.9 7 7 

0.0 1 1 

0.1 0 0 

0.0 9 9 

0.1 1 1 

0.1 4 4 

0.9 0 0 

0.0 5 5 

0.5 0 0 

o.o o o 

0.5 7 7 

0.0 2 2 

0.9 9 9 

0.0 3 3 

0,1 4 4 

0.2 6 6 

163 3 

''  19 5 

228 8 

260 0 

293 3 

325 5 

358 8 

390 0 

423 3 

**  45 5 

488 8 

521 1 

553 3 

586 6 

618 8 

651 1 

B B 

0.01 0 0 

0.12 8 8 

0.06 3 3 

0.34 4 4 

0.15 8 8 

0.24 7 7 

0.20 6 6 

0.44 8 8 

0.53 8 8 

0.43 3 3 

0.53 2 2 

0.46 7 7 

0.60 5 5 

0.81 8 8 

0.67 1 1 

0.78 8 8 

0.75 8 8 

0.77 1 1 

00 86 6 

P P 

0.8 5 5 

0.1 2 2 

0,8 3 3 

0.0 1 1 

0.6 3 3 

0.3 5 5 

0.7 4 4 

0.0 6 6 

0.0 3 3 

0.2 6 6 

0.1 2 2 

0.4 1 1 

0.1 4 4 

0.0 1 1 

0.1 8 8 

0.0 7 7 

0.1 7 7 

0.2 2 2 

0.1 3 3 

Vann der Hammen et al. (1992) inferred dry periods for the Amazon basin during 3800-3200 

BPP and 2700-1900 BP based on more organic rich material in the Rio Caqueta sediments. In 

latterr Amazonian studies (Behling et al„  1999; Behling and Lima da Costa, 2000) these dry 

periodss could only partly or not be found. Therefore a proper reconstruction of Holocene 

climatee change in Amazonia is still missing. In Chocó, clear evidence for precipitation or 

otherr climate change, as cause for the shown changes in river dynamics, is also missing. The 

inferredd potentially dry periods in Amazonia do not correspond with the environmental 

changee in Chocó between 2300 and 700 BP. On the other hand, there are indications that 

subsidencee could be linked to environmental change (Herd et al., 1981) in this tectonically 

activee region. Also the influence of man on the forest in Chocó is rather unknown. Although 

theree is archaeological evidence for the presence of man in Chocó since the early Holocene 
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(Correall  Urrego, 1983), the impact of human occupation on the Chocó vegetation needs to be 

clarified.. This study shows that fluctuations in the contribution of palm trees may not reflect 

humann occupation as was suggested by Behling et al. (1998) and Berrio et al. (2000), but 

mightt be seen as effect of natural forest and river dynamics on palm-rich floodplain forest. 

3.5.23.5.2 Accumulation of genera in pollen sections 

Thee initial accumulation of the pollen genera in all sections is fast (Fig. 3.4.). This 

accumulationn is be due to pollen production of taxa that occur in the established successional 

forestss or taxa from surrounding forests that are able to disperse rapidly to the lake areas. It is 

alsoo due to the comparatively quick arrival of wind dispersed pollen from taxa that occur at 

longerr distances from the lakes. 

Tab.Tab. 3.7. Summary ofperiodicities observed by spectral analyses (SA) and 

contingencycontingency periodograms (CP). 

Site e 

Jotaordó ó 

Ell  Caimuo 

Piusbi i 

SA A 

SA A 

CP P 

SA A 

CP P 

CP P 

SA A 

SA A 

SA A 

Estimatedd common periodicity 

Periodd (yr) 

81 1 

186 6 

163 3 

97 7 

83 3 

290 0 

198 8 

317 7 

793 3 

Harmonicss of estimated 

1 1 

2 2 

1 1 

4 4 

to o 

79.5 5 

commonn periodicities 

1 1 

3 3 

2 2 

98 8 

Thee most likely explanation for the subsequent slow-down of genera accumulation in the 

threee sections is. that new taxa may have lower dispersal abilities. The immigration of taxa is 

hamperedd by already established vegetation, and that incoming pollen is dispersed to the sites 

byy short distance transport (e.g. animal dispersal). 

Afterr the initial quick accumulation, the cumulative genera curves do not level off, but show a 

steadyy increase that continues even over a period of about 1200 yr (Jotaordó), 1800 yr 

(Caimito)) up to 3300 yr (Piusbi). The lake sections have accumulated in the time span only a 
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partt of the total gamma diversity of vascular plant genera from the Chocó area. The total 

accumulatedd numbers of vascular plant genera in the three pollen sections corresponds to 49-

75%% of the genera richness found in surveys from lowland swamp forest in Amazonia (Tab. 

3.8.).. Compared to overall genus richness in Amazonian and Chocó rain forest, the three 

sectionss accumulated only 20-31 % of the pool of vascular plant genera. 

Thee low cumulative taxon richness in the sections is also due to the low identification level of 

pollenn (Tab. 3.4.), the poor preservation of some pollen taxa in sediments (e.g. pollen from 

Lauraceae),, and the comparatively small sampling size of the three Chocó sections compared 

too the quoted contemporaneous surveys in Amazonia. 

Tab.Tab. 3.8. Number of vascular plant genera found in neotropical lowland rainforests, 

comparedcompared to the accumulated number of vacular plant genera (excluding fems and allies) in 

thethe three fossil pollen records from Chocó. (DBH = diameter at breast height). 

Reference e Categories s Studyy area 

Duivenvoordenn (1996) DBH2I0 cm (trees) Colombian Amazon Caquetabasin 

Duivenvoordenn < 1994) >50 cm in height*  Colombian Amazon Caqueta basin 

Sanchezz et al. (2001) DBH>2.5 cm 

Romeroo « al. (2001) DBHS2.5 cm 

Grandezz et al. (2001) DBHS2.5 cm 

Gentryy (1986) DBH>10 cm 

Faber-Langendocnn and DBHS10 cm 

Gentryy (1991) 

Thiss study Pollen types 

**  excluding ferns and allies 

Colombiann Amazon Caqueta basin 

Ecuadoriann Amazon Yasunf 

Peruviann Amazon Ampiyacu basin 

Chocóó Tutunendo 

Chocóó Bajo Calima 

Chocó ó 

Totall  number of genera 

Swamps s 

110 0 

--
125 5 

150 0 

Total l 

271 1 

357 7 

378 8 

352 2 

365 5 

258 8 

256 6 

74-83 3 

Thee high number of fossil pollen taxa in the Piusbi section compared to that of the other two 

sectionss is probably related to the position of lake Piusbi, which is more surrounded by upland 

forestss than the other two lake systems. Upland rain forests are more diverse in vascular plant 

generaa and families (Duivenvoorden 1996). It also has to be considered, that the number of 

identifiedd taxa can vary, due to the researcher. This might have low impact for the work on a 

singlee site, but in our comparative study it might have a certain influence on the results. 
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3.5.33.5.3 Similarity between lake sections in time 

Betweenn the pairs of sections (Fig. 3.5.) the similarity in time shows a highly consistent 

pattern.. The initial rise in similarity is possibly related to the pollen deposition of taxa found 

att early successional stages in all sections (e.g. Cecropia, Acalypha, Alchomea, Sloanea, 

Weinmannia,Weinmannia, Podocarpus,, Sapium; see Tab. 3.5.). The fact that between all sections 

similarityy becomes almost constant around levels of 0.55-0.65, indicates that pollen taxa 

compositionn of the three sections remains different to a substantia] degree through time. The 

steadyy accumulation of new pollen genera at each site does not affect the between-section 

similaritiess in cumulative pollen content. Such patterns suggest that the different pollen taxon 

assemblagess at each site reflect different local and regional forest composition, with some 

pollenn genera originating from lake habitat preferential forest taxa, and others from habitat 

indifferentt taxa. The constant between-section similarities suggest that the newly arrived 

pollenn is from site preferential, and site indifferent taxa, in the same ratio as present near the 

lakes. . 

3.5.43.5.4 Periodicities in pollen composition 

Thee trends in the scores of the first axes of the correspondence analysis (Fig 3.6.) are probably 

relatedd to autocorrelation of pollen content in contiguous samples, They also reflect the 

continuouss changes in the sections due to the incoming new pollen taxa. The first order 

differencingg successfully detrends the sequences, and focusses the analysis on the changes of 

taxaa composition between contiguous samples (Chatfield, 1991). The eigenvalues of the first 

CAA axes are rather low, but it does not prohibit detection of underlying rhythmic structures in 

successionall  developments (Gauch, 1982; Kenkel, 1989). The period of 80 yr, that appears 

mostt strongly in all sections, might be related to the 80 year Gleissenberg solar cycle 

(Landscheidt,, 2001), that might have influence on climate change. It is likely that periodic 

climatee change can cause periodic changes in pollen production and vegetation. Recently 

manyy authors could show an influence of solar activity on climate and vegetation (e.g. Hodell 

ett al., 2001; Neff et al., 2001; van Geel et al., 2000). 
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3.6.. Conclusions 

Withh an integration of floristic information from forest types in Chocó, pollen analysis and 

numericall  analysis of the pollen counts, we reconstructed the history of floodplain forest types 

changess in Chocó and identified the most important successional mechanisms inside the forest 

sincee ca. 4400 years ago. The floodplain forest is mainly characterised by palms, therefore we 

rejectt the use of Arecaceae percentages fluctuations as indicator for human influence on the 

vegetationn in Chocó, as it was suggested in earlier publications (Behling et al., 1998, Berrio et 

al.. 2000, Velez et al., in press). 

Onn the basis of indicator pollen taxa for forest types occurring in Chocó the inferred 

compositionn of forests near lake Piusbi seems to be less palm-rich than those near lake El 

Caimitoo and Jotaordo. Palynological indications for a coastline migration in southern Chocó 

sincee the middle Holocene are strong, as mangrove forest could be identified and fluctuations 

weree reconstructed. In northern Chocó the location of the mangrove (coastline) was stable 

duringg the studied period. 

Thee Piusbi section contains the highest amount of vascular plant pollen taxa. This is 

assumablyy mainly related to the position of the Piusbi lake closer upland forests, man the 

otherr two lakes. 

Thee cumulative richness in pollen from vascular plant taxa in three mid- to late Holocene 

remainss below me number of genera that assumably occur in the Chocó rain forest. The three 

sectionn contained only 20-32 % of the numbers of vascular plant genera reported to occur in 

rainn forest surveys from Amazonia and the Chocó. 

Thee development of diversity in all sites is comparable with a strong increase at the beginning 

andd a slow-down of genera accumulation in the pollen sections. The three mid- to late 

Holocenee pollen section from the Chocó rain forest area show a steady increase in of vascular 

plantt pollen, that continues for at least 1200 yr (Jotaordo), 1800 yr up to 3300 yr (Piusbi). 

Thee S0renson similarity between the three lake sections, based on cumulative content of 

vascularr plant pollen, converges after a few hundreds years to levels that remain between 55 

andd 65%. Each of the three sections apparently contains assemblages of pollen taxa that differ 

too a substantial degree. This is probably due to diverging site conditions or different taxon 

compositionn of the surrounding forests. 

Thee principal variation in vascular plant pollen content of the three section shows periodicities 

inn time that might be related to the 80 yr Gleissenberg solar cycle. 
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Palaeoenvironmentall  history of the Popayan area since 

27,0000 yr  BP at Timbio, southern Colombia 

M.. Wille, J.A. Negret (f), H. Hooghiemstra 

Abstract t 

AA pollen record from Timbio, located at an elevation of 1750 m on the high plain of Popayan 

(2°24'N,, 76°36'W) is presented. This forms the basis for reconstructing the vegetation and 

climatee history for the periods from 27,000 to 9200 radiocarbon years before present ( C yr 

BP)) and 2100 14C yr BP to sub-recent. The 5 m sediment core has time control based on seven 

AMSS radiocarbon dates. Four pollen assemblage zones (TEM-1 to TIM-4) are recognized. 

Duringg the period of 27,200 to 26,000 l4C yr BP, Andean forest were near the site. The 

vegetationn consisted of forest and open herb-rich vegetation, climatic conditions were moist 

andd temperatures some 6°C lower than compared to those of today. During the period of 

26,0000 to 16,600 MC yr BP forest was less open. The observed succession from Podocarpus-

WeinmanniaWeinmannia dominated forest to Hedyosmum dominated forest, and finally to forest with Ilex, 

MyricaMyrica and ferns indicates a progressive decrease of temperature during this period, with a 

maximumm temperature depression of about 5q-7,5aC compared to present-day conditions. 

Duringg the period of 16,000 to 9200 l4C yr BP, temperature decrease is estimated at about 

7,5°CC and climate was driest. During the period of 2100 to 600 14C yr BP, deforestation and 

cropp cultivation point to significant human influence, subsequently followed by a period of 

forestt recovery that started before the arrival of the Spanish conquistadors. The estimated 

temperaturee depression at the Last Glacial Maximum (LGM, about 6.5°C) is between the 

estimatedd values at >2600 m alt. <c. 8°C) and those at sea-level (2.5°-6°C) and supports the 

observationn that glacial lapse rates were higher than in modern times. 
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4.1.. Introductio n 

Thee city Popayan lies between the Central and Western Cordilleras in southern Colombia and 

iss located between the valleys of the Rio Cauca, draining northward, and the Rio Patia. 

drainingg southward. The Timbio coring site (2°24'N. 76°36'W. Fig. 4.1.) is located in the 

southernn part of a saddle which forms a kind of high plain ('altiplanicie de Popayan'). The 

landscapee is gently undulating, several depressions in the landscape as the coring site have 

beenn filled with rich organic sediments. 

Fig.Fig. 4.1. Timbio site at 1750 m elevation, located on the 'saddle of Popayan' at the 

watershetwatershet between the Cauca River and the Patia River. Other sites mentioned in 

thethe text are indicated. 

Thee primary forest in this region has virtually been destroyed by human influence. The first 

presencee of hunters and gatherers is seen from the archaeological excavations of San Isidro 

andd La Elvira at about 50 and 10 km distance from Popayan. respectively, and dates from c. 

10.0000 yr BP (Gnccco and Mohammed. 1994; Gnecco. 1995). The Spanish Conquest reached 
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thee region in AD 1535 (Arboleda Llorente, 1966) and the city Popayan was founded in AD 

15377 by Spanish conquerors (Acosta, 1848). 

Att about the same latitude, but located in the Magdalena valley between the Central and 

Easternn Cordillera, Bakker (1990) studied the vegetation history of the Pitalito site at an 

altitudee of ca. 1300 m. This site is presently like Timbio located in the subandean (= lower 

montane)) forest belt and lends itself for comparison. 

Thee first pollen record from the Popayan area (Pantano de Genagra, 1750 m) ca. 5 km north 

off  the city was published by Behling et al. (1998). Unfortunately, this sedimentary record 

showss two large gaps in the chronology and includes only the period prior to 50,000 BP 

(infinitee in age by radiocarbon dating) and the last 2500 years of the Holocene. Because of the 

uncertaintyy in palaeoenvironmental reconstruction based on core Pantano de Genagra, we 

presentt here the pollen record Timbio, also at 1750 m altitude, which contains an undisturbed 

glaciall  sequence from approximately 27,200 to 12,500 l4C yr BP and the last ca. 2100 years 

off  the Holocene. 

Thee objective of this paper is to reconstruct the vegetation history of the Popayan area based 

onn pollen analysis of the radiocarbon dated sediment core Timbio. In addition, the floral 

descriptionn of the vegetation units on the ecological maps, based on the Holdridge system 

(Holdridgee et al., 1971), and the Fust inventory study of the regional forest (A.J. Negret, 

unpublishedd data) form the base for the calibration of late Quaternary pollen records of this 

area.. Although a discussion of the climatic development of southern Andean Colombia is the 

subjectt of a separate paper, our late Quarternary reconstruction of the vegetation development 

andd altitudinal shifts of the major vegetation belts reflect changes in temperature and 

precipitationn and these climatological implications are discussed. 

4.2.. Environmental setting 

4.2.14.2.1 Geography 

Thee valley between the Western and the Central Cordillera has two main river systems that 

originatee on the slopes of the Central Cordillera, southeast of Popayan. Both drainage systems 

aree separated by a saddle shaped area on which the town of Popayaî is located (Fig. 4.1.). The 

Rioo Patia flows southwest through a dry valley, passes the Western Cordillera 50 km 

northwestt of Pasto, and reaches the Pacific Ocean near Tumaco. The Rio Cauca originates 

alsoo south of Popayan, at higher elevation, and flows in a northern direction. After ca. 700 
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km,, the Rio Cauca flows into Rfo Magdalena, which flows to the Caribbean Sea. The Rio 

Timbioo is a small river that has it's source ca. 10 km south of Popayan and forms, together 

withh some other small rivers, the uppermost drainage system of the Rio Patia (Fig. 4.1.). 

Thee site Timbio is located in a swamp of ca. 60 m diameter in a small depression. A small 

shalloww creek crosses the depression from east to west. The catchment area extends only a 

feww hundred meters from the coring site. 

4.2.24.2.2 Climate 

Precipitationn and temperature records are available from the climate station at Popayan 

airport,, ca. 10 km distant from the site. These records show an annual rainfall of 1580-3160 

mmm (average 2140 mm) between 1982 and 1995 with a relatively dry period from June to 

August.. Lowest temperatures are between 12° and 14°C and the highest temperatures are from 

23°° to 25°C (Behling et al., 1998). A longer precipitation record from Popayan (1955-1984) 

wass published by Rangel (1991) and shows an average annual rainfall of 2060 mm and a dry 

periodd from June to September. 

4.2.34.2.3 Vegetation 

AA general characterization of the vegetation of Colombia, including our study area, was 

publishedd by Cuatrecasas (1989) and Pinto-Escobar (1993). Although the natural vegetation 

inn the study area is almost completely replaced by commercial forestry, coffee plantations and 

farmland,, the explanatory information on the 'Forest map of Colombia' ('Mapa de bosques de 

Colombia,, IGAC, 1985), and the 'Ecological map of Colombia' ('Mapa Ecologico', IGAC, 

1963,, 1977) provides an impression of the natural forest composition of the main vegetation 

beltss in the study area (Fig. 4.2.). The legend units of these maps are based on the life zone 

systemm of Holdridge et al. (1971) which takes temperature (altitude) and precipitation as the 

primaryy factors to classify the vegetation. These vegetation units are not based on floristic 

inventories.. Therefore, we used also a list of principle floristic elements of the remaining 

patchess of forest in the southern Cauca valley (A.J. Negret, unpublished data; Tab. 4.1.). This 

listt represents the first inventory of the vegetation from the study area at this altitude and 

combinedd with the above mentioned vegetational descriptions and ecological maps, it forms 

thee base for a modern calibration data set to reconstruct composition of the palaeovegetation, 

ass inferred from the pollen record. 
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Att present-day. small patches of possibly secondary forest fringe the rivers. These patches 

containn homogenous, humid subandean forest with trees up to ca. 25 m tall. In some parts of 

thee region, especially on the slopes of the Western Cordillera, stands of Quercus humboldtii 

aree common (Becking el al.. unpublished data). In the subandean forest belt a lower and an 

upperr zone, each with a characteristic vegetational composition, can be recognised (Bakker. 

1990):: the interval from 1000 to 1800-2000 m is characterised by forest taxa like Acalypha 

macrostachia,macrostachia, different species of Miconia, Myrica popayanensis and Vismia baccifera. The 

intervall  from 1800-2000 to 2000-2300 m is characterised by Alchornea latifolia, Hedyosmum 

bonplandiumbonplandium and Weinmannia pinnata/pubescens. These two intervals correspond well with 

thee forest classifications taken from the ecological map of Colombia for the study area 

(1GAC.. 1977. Fig. 4.2.). 

Fig.Fig. 4.2. Schematic map of main forest types in the area of 

Popayan,Popayan, based on the ecological map of Colombia (IGAC. 1977), 

andand the location of the coring site (*). BMH-MB = bosque muy 

humidohumido montaho bajo (very humid lower montane forest). BH-MB = 

bosquebosque humido montaho bajo (humid lower montane forest). BMH-

PMPM = bosque muy humido premontano (very humid premontane 

forest).forest). BH-PM = bosque humido premontano (humid premontane 

forest).forest). BS-T = bosque seco tropical (dry tropical forest) 
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Thee 'wet premontane forest' ('bosque humido premontano'; bh-pm) has an altitudinal range from 

10000 to 1500 m and the 'very wet premontane forest' ('bosque muy humido premontano'; bmh-

pm)) from 1500 to 2000 m. Another forest classification, the 'very wet lower montane forest' 

('bosquee muy humido montano bajo'; bmh-mb) is located in a small area east of Popayan from 

20000 to 3000 m in the transition between subandean and Andean forest. The Andean forest belt 

inn this region is found after Becking et al. (1997) from 2300 to 3000-3400 m, characterized by 

MyricaMyrica pubescens, Podocarpus oleifolius and Weinmannia sylvatica, which correponds again 

withh the forest classifications taken from the ecological map of Colombia (IGAC, 1977), where 

eastt of Popayan 'wet lower montane forest' ('bosque humido montano bajo'; bh-mb, between 

25000 and 3000 m) is located. 

Fig,, 4,3, shows the ahitudinal distribution of important forest taxa in the Popayan area on the 

westernn slopes of Central Cordillera and Tab. 4.1. shows how arboreal taxa from the inventory 

studyy (AJ. Negret, unpublished data) relate to the above mentioned forest classifications taken 

fromm the national ecological map. Comparing the inventory list with the species list belonging to 

thee ecological map, most species can be found in the forest types bmh-mb, bmh-pm and bh-pm. 

Althoughh bh-mb covers a smaller area, this forest type occurs relatively frequently in the 

inventoryy list. 

bmhh  pm 1 bmf i - mb I bh - mb 

mfamfa — lowe rr  subandea n |uPP*suband ) Andean  fores t | Paramo 

1000 0 2000 0 3000 0 

Myric aa popayanensi s 
Mieoni aa rufeseen s 
Acaiyph aa macrostachl a 
Mieoni aa aeroginos a 
Mlconi aa caudat a 
Vlsmi aa bactifer a 
Valerian aa urtfcaeFoll a 
Miconi aa versicaior/theacean s 
Alchorne aa latifoli a (?) 
Weinmanni aa pinnat a 
Hett yy  osmu m bonplandiu m 
Weinmanni aa pubescen s 
Quercu ss humboldti i 
Ju gg lan s neotropic a 
Myy reine  femigino a 
Myy reine  guianensi s 
A i m »» acuminat a 
Bocconi aa frutescen s 
Symploco ss serrulat e 
Alchorne aa bogotonsl s 
Styy rax spec . 
Myric aa pubescen s 
Hyaronlm aa colombian a (?) 
Podocarpu ss oleifoltu s 
Jamesoni aa bogotensis/imbricat a 
Hypericu mm juniperlnum^mscoide s 
Laplace aa spec . 
Valerian aa I on gf f of la 
Weinmanni aa sylvatic a 

II ! I I I I I I I 1 I I I I I I I I I I I I I I I I I I I 
1000-1800 0 
1400-1600 0 
1350-1750 0 
1400-1800 0 
17000 -1800 
16000 -1800 
1600-2100 0 
1500-2600 0 
17000 - 2100 
17000 - 2200 
1700-2250 0 
1750-2400 0 
1550-2400 0 
1700-2650 0 
1550-2700 0 
1550-2700 0 
18000 -2750 
1760-2800 0 
1900-2350 0 
2100-2650 0 
28000 - 2900 (?) 
1800-3100 0 
22000 - 3300 
30000 - 3350 
30000 - 3350 
3100-3250 0 
32500 - 3400 
3300-- 3400 (?) 
30000 - 3650 

Fig.Fig. 4.3. Attitudinal distribution of forest taxa in the Popayan area based on inventory 

studiesstudies by A.J. Negret. Only taxa represented in the pollen record have been shown. 
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4.3.. Methods 

Sedimentss of site Timbio were cored with a Dachnowsky sampler of 25 mm diameter. The core 

wass collected in 25 cm increments, wrapped in plastic film and transported to the laboratory in 

PVCC glitters. A depth of 625 cm below the surface of the bog was reached. Sandy sediments 

preventedd further sediment recovery. The interval of 525-550 cm was very wet and not recovered 

duringg coring. The core was stored at the laboratory under cold (4°C) and dark conditions. Seven 

0,55 cm3 samples were dated by AMS at the Van der Graaff Laboratory of the University of 

Utrechtt (Van der Borg et al., 1987). 

ForFor pollen analysis, samples of 0.5 cm3 were taken at 5 cm intervals along the core. The samples 

weree treated with standard methods, including sodium pyrophosphate, acetolysis and heavy 

liquidd separation with bromoform (Faegri and Iversen, 1989). A tablet of exotic Lycopodium 

sporess was added to each sample to calculate pollen concentrations. Pollen within the samples 

weree counted up to a sum of 300 pollen grains, this exclude taxa representing aquatic and lake 

shoree vegetation. In some samples a smaller pollen sum could be attained because of the low 

pollenn content, and samples below 505 cm contained no pollen. In total, 89 different fossil pollen 

andd spore types were identified (Tab. 4.2.) using the following descriptions of pollen 

morphology:: Behling (1993), Graf (1992), Herrera and Urrego (1996), Hooghiemstra (1984), 

Murill oo and Bless (1974, 1978), Roubik and Moreno (1991). 

ForFor calculation, unconstrained cluster analysis and plotting the diagram, TILIA , TTLIAGRAPH 

andd CON1SS software was used. The pollen percentage diagram records the most important taxa. 

Taxaa have been arranged into seven groups: 

(1)) upper subandean taxa; 

(2)) lower subandean taxa; 

(3)) other subandean forest taxa without clear altitudinal preference; 

(4)) herbs; 

(5)) unidentified pollen taxa; 

(6)) aquatics and 

(7)) ferns. 

Thee groups 1 to 5 represent the regional vegetation and are included in the pollen sum. Taxa that 

occurr mainly at higher (e.g. Drimys, mainly occurring in the Andean vegetation belt), or at lower 

elevationn (e.g. Bombacaceae, mainly occurring in the tropical lowland vegetation) were grouped 

intoo the nearest group of the subandean forest. Taxa that occur across the whole altitudinal range 
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Tab.Tab. 4.1. List of the most frequent native plant taxa in the area of Popayan (from Santander 

dede Quilichao in the southern Cauca Valley in the south, to the slopes of the Puracé Volcano 

inin the north) based on field observations in remnants of original and/or secondary forest. 

NumbersNumbers refer to the vegetation units of the 'Ecological Map' of Colombia (IGAC, 1977) 

whichwhich were based on the Hoidridge life form system. (1 - bh-mb, 2 = bmh-mb, 3 = bmh-pm, 

44 = bh-pm). 

Pteridophyta a 
Cyatheaceae e 

AlsophilaAlsophila elongata 

Gleicheniaceae Gleicheniaceae 

DicranopterisDicranopteris bifida 

Lycopodiaceae e 
LycopodiumLycopodium cernuum 

LycopodiumLycopodium complanatum 

LycopodiumLycopodium iinifolium 

LycopodiumLycopodium passeroides 

LycopodiumLycopodium reflexum 

Polypodiaceaee s. I. 
AdiantumAdiantum patens 

AspleniumAsplenium auriium 

BlechnumBlechnum arborescens 

BlechnumBlechnum sp. 

NephrolepisNephrolepis cordifolia 

ElaphoglossumElaphoglossum eximium 

PolypodiumPolypodium frase ri 

PolypodiumPolypodium sp. 

PteridiumPteridium aquilinum ' 

Schizaeaceae e 

AnemiaAnemia villosa 

Aneiospermac c 

Acanthaceae e 
AphelandraAphelandra sp. 

JacobiniaJacobinia tinctoria 

TrichantheraTrichanthera gigantea 

Actlnldiaceae e 

SaurauiaSaurauia brachybotrys 

SaurauiaSaurauia humboldtiana 

SaurauiaSaurauia sp. 

Annonaceae e 
AnnonaAnnona muricata 

AnnonaAnnona cherimolia 

GuatteriaGuatteria sp. 
Anacardiaceae e 

MauriaMauria heterophilla 

RhusRhus juglandifolia 

ToxicodendronToxicodendron striatum 

Apiaceae e 

EryngiumEryngium humboldtii 

Apocynaceae Apocynaceae 

EchitesEchites microcayx 
MandevillaMandevilla subsagittata 

Araceae e 

AnthuriumAnthurium scandens 
Araliaceae e 
DidymopanaxDidymopanax morototont 
ScheffleraSchefflera vasqueziana 

Arecaceae e 

AiphanesAiphanes caryottfolia 
BactrisBactris gasipaes 

Aristolochiaceae e 
AristolochiaAristolochia elegans 

Asclepiadaceae e 

AsclepiasAsclepias curassavia 

AsclepiasAsclepias fruticosa 

GonolobusGonolobus sp. 

Asteraceae e 

BaccharisBaccharis chilco 

BaccharisBaccharis nitida 

BidensBidens triplinervia 

BidensBidens pilosa 

DaliaDalia lehmannii 

EupatoriumEupatorium urticaefolium 

EupatoriumEupatorium amigdalinum 

LiabumLiabum vulcanicum 
22 3 

MontanoaMontanoa sp. ' 

PorophyilumPorophyilum porophyllum 

PseudoelephantopusPseudoelephantopus spicatus 

PterocaulonPterocaulon virgatum 

SteiractiniaSteiractinia sodiroi 

BignonJaceae e 

DelostomaDelostoma roseum 

JacarandaJacaranda caucana 

TabebuiaTabebuia chrysantha 

TabebuiaTabebuia sp. 

TecomaTecoma mollis 

Bixaceae e 

BixaBixa orellana 

Bombacaceae e 

OchromaOchroma piramidale 

SpirothecaSpirotheca sp. 
Boraginaceae e 

CordiaCordia acuta 

Burm aa nniaceae 

ApteriaApteria aphyila 

DictyostegaDictyostega orobanchoides 
Brunelliaceae Brunelliaceae 

BruneUiaBruneUia tomentosa 

Burseraceae e 

ProtiumProtium sp 

Caesalpiniaceae e 
BrowneaBrownea arisa 

CassiaCassia grandis 
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Tab.. 4.1. (continued) 

CassiaCassia sp. 

Campanulaceae e 

CentropogonCentropogon sp. 

Caprifoliaceae e 

ViburnumViburnum sp. 
Caricaceae e 
CaricaCarica papaya 

Cecropiaceae e 

CecropiaCecropia caucana 

CecropiaCecropia sp. 

Clethraceae e 
CiethraCiethra fagifolia 

Cloranthaceae e 
Hedyosmum Hedyosmum 
bonplandianum bonplandianum 
Clusiaceae e 
RheediaRheedia madrunno 

ClusiaClusia alata 
ClusiaClusia sp. ' 

VismiaVismia baccifera 

Convolvulaceae e 
EE vol vul us alsinioidea 
IpomeaIpomea batatas 
Coriariaceae e 

CoriariaCoriaria thytnifotia 

Cunoniaceae e 

WeinmanniaWeinmannia balbiciana 

WeinmanniaWeinmannia pinnata 
WeinmanniaWeinmannia pubescens 

Cyperaceae e 

RhynchosporaRhynchospora glauca 

Erythroxylaceae e 

Erythroxylum m 
novagranatensis s 
Euphorbiaceae e 
AcalyphaAcalypha caucana 

AlchomeaAlchomea latifolia 

AA Ichornea polyantha 

AlchomeaAlchomea sp 

CrotonCroton gossypiaefolius 

CrotonCroton sp 

EuphorbiaEuphorbia cotinifolia 
EuphorbiaEuphorbia lalazi 

HyeronimaHyeronima macrocarpa 
PhytlanthusPhytlanthus salviaefolius 

Er icaceae e 

GauttheriaGauttheria pubescens 

Fagaceae e 
QuercusQuercus humboldtii ' 

Flacour t iaceae e 
XylosmaXylosma prunifolium 

XylostnaXylostna sp 

Gent ianaceae e 

ChetonanthusChetonanthus alatus 

Gesner iaceae e 

KohleriaKohleria kirsuia 
KohleriaKohleria spicata 

Haloragaceae e 

GunneraGunnera brephogea 
GunneraGunnera manicata 
Laraiaceae e 

HyptisHyptis lantanaefolia 

LepechiniaLepechinia bultata 

SalviaSalvia tiliaefolia 

Lauraceae e 

NectandraNectandra sp. 

PerseaPersea americana 

Liliaceae e 
SmilaxSmilax sp. 

Loranthaceae e 
PsittacanthusPsittacanthus sp. 

PthirusaPthirusa sp. 
StruthanthusStruthanthus pyrifolius 

Lythraceae e 

LaphoensiaLaphoensia speciosa 

Malvaceae e 

SidaSida acuminata 

SidaSida sp. 

Marantaceae e 

CalalheaCalalhea lutea 
Melastomataceae e 
ArthosemaArthosema cilialum 

BtakeaBtakea pyxidanthus 

MerianiaMeriania speciosa 
MerianiaMeriania trianeae 

MiconiaMiconia acuminifera 
MiconiaMiconia aeroginosa 

MiconiaMiconia albicans 
MiconiaMiconia caudata 

MiconiaMiconia desmantha 
MiconiaMiconia notabilis 

MiconiaMiconia prasina 
MiconiaMiconia rubiginosa 

MiconiaMiconia rufescens 

MiconiaMiconia theaezans 
MiconiaMiconia versicolor 
MiconiaMiconia sp. 
RhynchanteraRhynchantera mexicana 

RhynchanteraRhynchantera sp. 

TibouchinaTibouchina gracilis 

TibouchinaTibouchina gigantea 

TibouchinaTibouchina sp. 
Meliaceae e 

CedrelaCedrela angustifolia 

GuareaGuarea guidonia 

GuareaGuarea trichilioides 

Menispermaceae e 

CissampelosCissampelos sp. 
Mimosaceae e 

CalliandraCalliandra pittieri 

IngaInga cocleonis 

IngaInga densiflora1'4 
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IngaInga edulis 

IngaInga popayanensis 

IngaInga sp. 

MimosaMimosa albida 

MimosaMimosa sp. 

MimosopstsMimosopsts quitensis 

Monimiaceae e 

SiparunaSiparuna macrophyla 

SiparunaSiparuna sp. 

Monotropaceae e 
MonotropaMonotropa uniflora 

Moraceae e 
FicusFicus popayanensis ' 

FicusFicus sp. 
Myricaceae e 

MyrciaMyrcia popayanensis 

MyricaMyrica pubescens '' 

Myrsinaceae e 
MyrsineMyrsine guianensis ' 

MyrsineMyrsine ferruginea? ' 

MyrsineMyrsine sp 

Myrtaceae e 

PsidumPsidum guajaba 

PsidumPsidum guineensis 

Psidum Psidum 
friedefriede richsthalianum 
Ochnaceae e 

SauvagesiaSauvagesia erecta 

Onagraceae e 

LudwigiaLudwigia peruviana 

Orchidaceae e 

ComparetiaComparetia falcata 
Cyrtidium Cyrtidium 
rhombogiossum rhombogiossum 
ElleanthusElleanthus aureantiacus 

Papaveraceae e 

BocconiaBocconia frulescens ' 

Papilionaceae e 
CrotalariaCrotalaria nitens 

CrotalariaCrotalaria sp. 

DiocleaDioclea sericea 

DesmodiumDesmodium sp. 

EriosemaEriosema diffusum 

ErythrinaErythrina edulis 

ErythrinaErythrina glauca 

ErythrinaErythrina poeppigiana 

IndigoferaIndigofera lespedezoides 

MachaeriumMachaerium sp. 

PiihecellobiumPiihecellobium lehmannii 

Passifloraceae e 

PassPass if! o ra sp. 
Phytolaccaceae e 

PhytolaccaPhytolacca icasandra 

PhytolaccaPhytolacca dodecandra 
Piperaceae e 

PeperomiaPeperomia sp 

PiperPiper aduncum 
PiperPiper sp. 

Poaceae e 

BambusaBambusa guadua 
GyneriumGynerium sagitlatum ' 

PaspalumPaspalum notatum 

PaspalumPaspalum sacharoides 

SeiariaSeiaria geniculata 

Polygalaceae e 

MonninaMonnina sp. 

PolygalaPolygala paniculaia 

Polygonaceae e 

RumexRumex obtusifolius 

Portulacaceae e 

PortulacaPortulaca sp. 

Proteaceae e 

RoupalaRoupala glabriflora 

Rhamnaceae e 

RhamnusRhamnus pubescens 

RhamnusRhamnus elegans 

Rosaceae e 

RubusfloRubusflo ribundos 

RubusRubus glaucus 

RubusRubus porphyromallus 

Rubiaceae e 

BorreHaBorreHa anthospermoides 

CinchonaCinchona cordifolia 
CinchonaCinchona pubescens 

Coccocypcelum Coccocypcelum 
lanceolatum lanceolatum 
LadenbergiaLadenbergia magnifolia 
PalicoureaPalicourea angustifolia 

PalicoureaPalicourea popayanensis 
PsychotriaPsychotria macrophila 

Rutaceae e 
ZanihoxylumZanihoxylum microcarpa 
Saticaceae e 

SalixSalix humboldliana 

Sapindaceae e 

CupaniaCupania racemosa ' 

CupaniaCupania sp. 

SapindusSapindus saponaria 
Saxifragaceae e 

EscalloniaEscallonia paniculaia ' 

Scrophulariaceae e 
CastHlejaCastHleja sp. 

EscobediaEscobedia grandiflora 

Solanaceae e 

BrowaliaBrowalia americana 

CestrumCestrum sp. (coriaceum?) 

CestrumCestrum mariquilense 

CestrumCestrum moritzii 
DaturaDatura arborea 

DurantaDuranta coriacea 

DurantaDuranta sprucei 

PhysalisPhysalis sp. 

SolanumSolanum dolichosephalum 

SolanumSolanum nigrum 

Tab.. 4.1. (continued) 
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Tab.. 4.1. (continued) 

SolariumSolarium sisymbrifolim Verbenaceae 
SolatiumSolatium sp. Aegiphila cuairecasii 
Tiliaceaee Lantana armaia 
HeliocarpusHeliocarpus popayanensis '4 Lantana boyacana 

Urticaceaee Lantana camara 

PhenaxPhenax hirtus Lantana trifolia 

Valerianaceaee Stachitarpheia sp. 

ValerianaValeriana urticaefolia Zingiberaceae 

HedychiumHedychium coronarium 

off  the subandean belt without clear altitudinal preference were grouped into 'other subandean 

forestt taxa'. Melastomataceae genera are well represented in the study area (Tab. 4.1.). Based 

onn measurements of pollen grains mainly from the Andean forest belt (Hooghiemstra, 1984), 

thee record 'Melastomataceae >19um' should be used as 'Melastomataceae, Miconia not 

included',, whereas 'Melastomataceae £19 jam' should be regarded as 'Miconia and other 

Melastomataceae'' (referred to as cf. Miconia in the text). 

Fourr main pollen zones are distinguished (TIM-1 to TEM-4). The zonation was supported by 

thee cluster analysis, but in some sections we prefer to recognise the forest development shown 

byy the subandean forest taxa. Pollen zone TIM-2 is subdivided into subzones A, B, and C. The 

pollenn spectrum of 205 cm differs from other samples, therefore we did not use this sample 

forr the reconstruction (see also diagram description). 

Tab.Tab. 4.2. List of identified fossil pollen and spore taxa in core Timbio, arranged after 

altitudinalaltitudinal and ecological preference. Taxa included in the pollen sum are marked by an 

asterisk. asterisk. 

Lowerr  subandean forest taxa (1000 -1800 m alt.)* 
Acalypha Acalypha 
Bombacaceae e 
Menisspermaceae e 
Moraceaee / Urticaceae 
Vismia Vismia 

Upperr  subandean forest taxa (1800 - 2300 m al t ) * 

AlnusAlnus Gunnera Podocarpus 

AntidaphneAntidaphne Hedyosmum Symplocus-type 

BocconiaBocconia Laplacea Weinmannia 

DrimysDrimys Myrica 
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Tab.. 4.2. (contiunued) 

Ericaceae e Myrsine Myrsine 

Otherr  subandean forest taxa (1000 - 2500 m alt.)* 

Alchomea Alchomea 

Apocynaceae e 

Arecaceae e 

Cassia-lypt Cassia-lypt 

Cecropia Cecropia 

Dorstenia-lype Dorstenia-lype 

Euphorbiaceaee p.p. 

Hyeronima Hyeronima 

Ilex Ilex 

Herbs* * 

Acanthaceae e 

Amaranthaceaee / 

Chenopodiaceae e 

Apiaceae e 

Asteraceaee subf. 

Asteroidae e 

Asteraceaee subf. 

Cichorioidae e 

Begonia Begonia 

Brassicaceae e 

Caryophyllaceae e 

Aquati cc elements 

Cyperaceae e 

Typha Typha 

Isoëtes Isoëtes 

PolygonumPolygonum persicaria-type 

Selaginella a 

Ferns s 

Anemia Anemia 

Grammitis-lype Grammitis-lype 

LycopodiumLycopodium foveolate 

(formm type) 

Loranthaceae e 

Malpighiaceae e 

Malvaceae e 

Melastomataceaee >19um 

Melastomataceaee < 19fxm 

Mimosaceae e 

Myrtaceae e 

Piper Piper 

Proteaceae e 

Convolvulaceae e 

Cuphea Cuphea 

Fabaceae e 

Fuchsia-type Fuchsia-type 

Hypericum Hypericum 

Ipomoea Ipomoea 

Iridaceae e 

Lamiaceae e 

Ludwigia Ludwigia 

Lupinus-iypt Lupinus-iypt 

LycopodiumLycopodium jussaei-lypc 

Monoletee psilate 

Monoletee verrucate 

OphiogOphiog lossum-type 

Psychotria Psychotria 

Quercus Quercus 

Rubiaceaee p.p. 

Sapindaceae e 

Sapium Sapium 

Solanum-type Solanum-type 

Tetrochidium Tetrochidium 

Tournefortia Tournefortia 

Manihot Manihot 

Oxalis Oxalis 

Poaceae e 

Plantago Plantago 

Polygala Polygala 

Ranunculaceae e 

Spermacoce Spermacoce 

Utricularia Utricularia 

Valeriana Valeriana 

Vemonia-type Vemonia-type 

Typess indeterminate* 

P33 scabrate 

C3P33 psilate 

C3P33 scabrate 

C3P33 microreticulate 

C33 microreticulate 

OsmundaOsmunda regalis-type 

Triletee psilate 

Triletee verrucate 
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Tab.. 4.2. (conüunuedj 

Treee ferns Mosses 

Cyathea-typeCyathea-type Anthoceros 

Jamesonia-lype Jamesonia-lype 

4.4.. Results 

4.4.14.4.1 Stratigraphy 

255 - 85 cm dark brown compact organic rich clay with plant remains, rootlets and 

oxidizedd channels 

855 - 106 cm light gray to brown silty clay with few organic remains 

1066 - 125 cm light brown to gray silt 

1255 - 175 cm yellowish sand 

1755 - 199 cm gray-brown silt with fine sand 

1999 - 208 cm light gray-brown sill with few fine sand, transition to 

2088 - 230.5 cm light gray silty sand with tephra 

230.55 - 250 cm light gray-brown clay, few sand 

2500 - 316 cm gray-brown clay with tephra, getting darker 

3166 - 335 cm light gray clay with fine sand, wet 

3355 - 344 cm like before, with black clay 

3444 - 350 cm black organic rich clay, well decomposed 

3500 - 362 cm gray-brown clay with fine sand and few tephra 

3622 - 416 cm dark brown clay with fine sand, transition to 

4166 - 424 cm light gray-brown clay with more sand 

4244 - 440 cm light gray clay, very few fine sand 

4400 - 505 cm dark brown to black clay with few gravel 

5055 - 550 cm gray-brown clay with sand 

5500 - 575 cm not recovered 

5755 - 625 cm light gray clay with sand, getting lighter and more sandy 
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4.4.24.4.2 Radiocarbon dates 

Timee control is based on seven bulk samples which were AMS l4C dated (Tab. 4.3.). 

Radiocarbonn ages show a chronological order except for the ages at 221.5 cm 0 
l4CC yr BP) and 432 cm (40,700 + 900 -800 14C yr BP) which are too old. The date at 221.5 

cmm might be explained by the sandy deposit between 208 and 230.5 cm which points to a 

disturbancee in sediment accumulation and possible contamination with older material. We 

havee no plausible explanation for the age of the 432-cm sample, which is apparently much too 

old.. Although very littl e fine sand is present at this core depth the pollen diagram shows no 

evidencee to account for the sedimentary sequence. The aberrant ages at 221.5 and 432 cm 

havee not been used to reconstruct the age-depth profil (Fig. 4.4.). Although sample 212 cm 

liess inside the mentioned sandy interval of the core, the radiocarbon age is close to the age-

depthh integration line. Calculation of the sedimentation rate and pollen influx, with and 

withoutt this age, gives a difference which can be ignored. It can be concluded that a 

contaminationn with old sediments occurred not permanently during this interval. The graph of 

thee sedimentation rate (Fig, 4.4.) suggests linear sediment accumulation during the last 27,000 

years,, only interrupted by relatively short events. 

Tab.Tab. 4.3. AMS C ages of the samples from core Timbio. 

Lab b 

UtCC 5846 

UtCC 6799 

UtCC 6798 

UtCC 6797 

UtCC 5480 

UtCC 8000 

UtCC 4966 

-no. . 

Coll  1125 

Coll  1133 

Coll  1132 

Coll  1131 

Coll  1085 

Coll  1191 

Coll  1072 

Depthh (cm) 

90 0 

212 2 

221.5 5 

311 1 

344 4 

432 2 

499 9 

14CC years BP 

17000 9 

98700  80 

36,0000  700 

191600 0 

19.5300 0 

40,7000 + 900-800 

27,2000  260 

5I 3C C 

-20.6 6 

-28.7 7 

-29.6 6 

-29.0 0 

-28.7 7 

-31,0 0 

-26.8 8 

4.4.34.4.3 Description of pollen diagram Timbio (Fig. 4.5.. appendix) 

Pollenn zone TEM-1 (core interval 499-467.5 cm, eight samples) is characterised by taxa of the 

upperr subandean forest belt which reach maximum values (48%) in the middle of the pollen 

zone.. In the upper part of the zone high percentages of herbs (95%) occur. Hedyosmum 
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(29.5%),, Podocarpus (7%) and Weinmannia (8.5%) are the dominant forest elements. 

Amaranthaceae-Chenopodiaceaee (44%), Poaceae (35%) and Asteraceae subf. Asteroidae 

(18%)) are the most abundant herbs. At 499 cm the sediment is dated 27f 0 14C yr BP. 

Pollenn zone TIM-2 (core interval 467.5-284 cm, 37 samples) is dominated by forest taxa 

whichh reach >80%. Based on changes in the pollen spectra of arboreal taxa, three subzones 

weree recognized (TIM-2A to TIM-2C). 

Pollenn subzone TIM-2A (core interval 467.5-427.5 cm, nine samples) is characterised by 

increasingg percentages of subandean forest taxa (upper subandean forest taxa 23-49%, other 

subandeann forest taxa 17-34%). The main forest trees in the older part of the subzone are 

Melastomataceaee >19 um (8.5%), and Weinmannia (14%). In the younger part of subzone 

TIM-2A ,, Podocarpus (15%) and Melastomataceae >19 um (8.5%) are abundant. The 

representationn of herbs, especially of Poaceae (23-3.5%), decreases. Also values of 

Amaranthaceae-Chenopodiaceae,, which are high in zone TIM-1, decrease rapidly in TIM-2A. 

SelaginellaSelaginella as aquatic element shows its highest values (4%). At 432 cm core depth, there is 

ann age of 40,700 +900 -800 HC yr BP. 

Pollenn subzone TIM-2B (core interval 427.5-379.5 cm, nine samples) is characterised by high 

percentagess of Hedyosmum (51.5%). All other forest taxa, such as Ilex, Melastomataceae, 

Myrica.Myrica. Myrsine, Podocarpus, Quercus, and Weinmannia reach percentages mostly below 

2%.. Herbs are also represented with lower percentages (15%). Poaceae show the lowest 

percentagess of the record (4%). 

Pollenn subzone TIM-2C (core interval 379.5-284 cm, 19 samples) is characterised by a rapid 

decreasee of Hedyosmum (to 7%), Several arboreal elements are abundant, for example Hex 

(5%),, Myrica (31%), Quercus (12%) and Weinmannia (33%). Cf. Miconia, Myrtaceae, and 

MyrsineMyrsine decrease towards the younger part of this subzone. Aichornea shows fluctuating 

percentagess between 0% and 5%. In the younger part of the zone values of Weinmannia 

decreasee to an average of 3.5%. A gradual increase is shown by Poaceae (up to 30%), 

Asteraceaee subf. Asteroidae (up to 21%) and the tree fern Jamesonia-type (up to 11.5%). This 

zonee includes an age of 0 ,4C yr BP at 344 cm, and of 19.160+110 l4C yr BP at 

3111 cm core depth. 

Inn pollen zone TIM-3 (core interval 284-205 cm, nine samples) pollen preservation and 

concentrationn was often poor. The interval of 230.5 to 205 cm represents a gap in pollen 

recovery.. In zone TIM-3 percentages of Hedyosmum decrease to 1%. In sample 205 cm 

HedyosmumHedyosmum shows again 7%. Percentages of Ilex are highest in the middle of the zone 
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(12.5%).. Taxa of the upper subandean forest like Symplocus (5.5%), Bocconia (2.5%), and 

LaplaceaLaplacea (8.5%) are significant for the First time. Herbs increase up to 80%, and Poaceae 

(47%)) and Asteraceae subf. Asteroidae (21%) reach maximum values. Also, fern spores reach 

aa maximum of 832.5%. An unidentified pollen type (P3 scabrate) reaches a maximum of 

43%.. At 212 cm sediments have an age of 9870+80 l4C yr BP. At 221.5 cm an age of 

36,000+7000 14C yr BP was obtained which does not fit  the depth vs age curve in Fig. 4.4. 

Inn pollen zone TIM-4 (core interval 110-30 cm, 17 samples) Cyperaceae, Poaceae and 

Asteraceaee subf. Asteroidae are dominant. Towards die upper part of the zone values of 

Asteraceaee subf. Asteroidae (28.5-2.5%) and Cyperaceae (88-2%) decrease. Osmunda 

regalis-type,regalis-type, a fern, reaches higher percentages (7.5%) at the top of the zone. Taxa indicative 

off  human impact, such as Spermacoce, Manihot, Zea mays and Ipomoea-lype, appear in this 

zonee for the first time. Zea mays appears with a maximum value of (3.6%) at 90 cm and 

decreasess toward the top of the zone. At the same depth Ipomoea-typc does reach a maximum 

(1.5%).. In the uppermost part of the zone, subandean forest taxa increase up to 19%, mainly 

representedd by Hedyosmum (3.5%), Weinmannia (3%), Moraceae-Urticaceae (4%), cf. 

MiconiaMiconia (3.5%), and Alchornea (2.5%). At 90 cm core depth sediments have an age of 

1700+299 uC y r B P. 

4.5.. Reconstruction of last Glacial and Holocene vegetation and climate 

Thee radiocarbon age at 499 cm shows that zone TIM-1 is of last glacial age and represents the 

estimatedd period between 27,200 to 26,000 14C yr BP. The vegetation is open, being 

dominatedd by Poaceae and other herbs. Low levels of arboreal taxa are dominated by 

HedyosmumHedyosmum and Weinmannia. Hedyosmum prefers moist and more open conditions; occuring 

frequentlyy on disturbed areas without dense forest, for example, at forest edges, on landslides 

andd on wet places. These modem ecological requirements correspond well with the suggestion 

off  an open forest vegetation surround Timbio during the last glacial. 

Thee forest in subzone TIM-2A, representing the estimated period between 26.000 to 23,800 
K CC yr BP, is more diverse, the taxa include Weinmannia, Podocarpus and Melastomataceae. 

Todayy Weinmannia and Podocarpus are mainly distributed at higher elevations. This may 

indicatee a transition to colder conditions, and presence of Podocarpus points to relatively 

humidd conditions as well. Selaginella is present, also indicative of locally moist conditions. 
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Thee radiocarbon age at 432 cm (40.900 +900 -800 14C yr BP) suggests a disturbed sediment 

columnn but the pollen record shows no abrupt changes to suspect the observed sequence in the 

vegetationn development. 
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Fig.Fig. 4.4. Depth vs age graph of sediment core Timbio. Radiocarbon 

agesages in brackets were not used for time control. 

Duringg the estimated period between 23.800 to 21,100 UC yr BP, represented by subzone 

TIM-2B,, Hedyosmum is the dominant forest element. This indicates moist and again 

somewhatt warmer conditions than in zone TIM-2A. Nowadays, such high representation of 

HedyosmumHedyosmum occurs only on sites of former landslides (A.M. Cleef, pers. communication). 

Howeverr as the Hedyosmum dominance lasted for ca. 2700 yr. without changes in the 

stratigraphyy and no evidence of vegetational succession, landslides as cause of the dominance 

aree unlikely. Possibly the area around the coring site included wet meadows with 

Hedyosmum-dominiLt&iHedyosmum-dominiLt&i forest. 

Duringg the estimated period of 21,100 to 16,600 14C yr BP in subzone TIM-2C, the forest 

compositionn became more diverse. Quercus forest, indicating relatively drier conditions, may 

havee occurred at some distance from the site. Quercus produces much pollen and usually 

growss in clusters (A.M. Cleef, pers. communication). We expect higher percentages if 

QuercusQuercus dominated forest is close to the site. Weinmannia, Melastomataceae, and Myrtaceae 

aree important constituents of the regional forest during the first part of this period. In the 

secondd part, forest has a more open character, as indicated by high levels of Poaceae, possibly 

indicatingg somewhat drier climate. Compared to the previous periods, drier conditions are also 

suggestedd by the relatively low presence of Podocarpus in the foresi. In the later part of this 

\

{«) {«) 
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period,, the vegetation shifts to a Afyrica-dominated open forest; this is associated with Hex, 

increasingg representation of ferns (Jamesonia-lype ) and Poaceae. 

Duringg the period estimated at 16,600 to 9200 14C yr BP, represented by zone TIM-3, Ilex-

dominatedd forest with Bocconia, Symplocus-lype and Laplacea had replaced the Myrica-

dominatedd forest of the previous zone. Under modern conditions, these latter taxa are common 

nearr the upper forest limit . Therefore, continuing transition to drier, and especially colder 

climaticc conditions, characteristic of the LGM and Late Glacial, is inferred. Sandy material in 

thee lithological sequence and the radiocarbon ages suggest a disturbed sediment accumulation, 

especiallyy during the last part of this period. This can also be inferred from the pollen record 

byy low pollen concentrations and sometimes poor pollen conservation. 

Afterr an interval with no pollen recovery (110.5 to 204.5 cm core depth), die youngest part of 

thiss record has an estimated age of 2100 to 600 C yr BP (zone TIM-4). The vegetation has 

beenn greatly altered by human influence: forest taxa are essentially absent and Poaceae and 

herbs,, indicative of human impact, dominate. Agricultural use of the area is demonstrated by 

pollenn grains from cultivated plants, such as Ipomoea and Zea mays. From 48.5 cm upward 

dieree is an increase of forest taxa and a decrease of cultivated plants, suggesting decreasing 

usee of the area for agriculture and increasing presence of secondary forest with Hedyosmum, 

Weinmannia,Weinmannia, Moraceae-Urticaceae, and Melastomataceae. But continuous presence of 

abundantt grassy vegetation and a very limited forest cover in the region indicate severely 

disturbedd environmental conditions during the whole period. 

4.6.. Comparison other  records from this region 

Thee older part of the pollen record of site Pantano de Genagra (Behling et al., 1997) is older 

thann our record (> c. 50,000 l4C BP). The period represented by the pollen zones TIM-I to 

TIM- 33 in our record is coeval with the major hiatus in the record Pantano de Genagra. 

Therefore,, we cannot compare these intervals of both pollen records. The oldest part of 

Pantanoo de Genagra shows a high representation of trees reflecting the lower montane forest 

belt.. Grassy and herb vegetation was not as dominant as in the oldest part of the Timbio 

record.. These differences are indicative of warmer, and probably more humid climatic 

conditionss around 50,000 l4C yr BP than around 27,000 ,4C yr BP. 
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Thee nearest site that spans the same time interval as record Timbio is from the Pitalito basin 

(PITT 11, Bakker 1990). This record ranges from 67,700 to 20,370 UC yr BP, which suggests 

thatt the record corresponds partly with pollen zones TIM-1 and TIM-2. In the lower part of 

thiss zones, high amounts of herbs occur, which decrease towards the top of the zone. In both 

recordss Hedyosmum-Weinmannia forest is followed by VVWHmanm'a-dorninated forest. 

Duringg this period, the most salient difference between the two records is the significant 

occurrencee of Clusia at Pitalito and Podocarpus at Timbio. Nowadays, Weinmannia, 

PodocarpusPodocarpus and Clusia have their main distribution in the Andean (upper montane) forest belt 

rangingg from c. 2300 to 3500 m, i.e. at elevations about 1000 m higher than the sites being 

comparedd here. Using a lapse rate of 0.6°C/100 m (Bakker, 1990), we calculate for the period 

off  zone TIM-2A (26,000 to 23,800 UC yr BP) a temperature depression of 6°C compared to 

today. . 

Thee period represented by zones PIT 11-Y1 and PIT 11-Y2 shows a very diverse forest 

compositionn with Myrtaceae, Hex, Clusia and Hieronima. In the corresponding zone TIM-2B 

(23,8000 to 21,100 KC yr BP), Hedyosmum, Asteraceae, Ilex and Myrsine were the most 

importantt forest elements. According to Bakker (1990), it is not possible to relate the pollen 

assemblagess to a specific forest type in the Pitalito area during that time. This may also apply 

forr Timbio. Modem forest communities, more or less exclusively formed by Hedyosmum, are 

knownn for transitional forest in the natural process of reforestation after landslides and are not 

representativee for a regional forest belt. 

Thee uppermost zones of PIT 11 (Y3 and 2) are represented in the Timbio record by zone 

TIM-2C.. Zone PIT 11-Y3, which dates to ca. 20,000 HC yr BP has a Hedyosmum community 

mixedd with Quercus and increasing amounts of Weinmannia. Zone PIT 11-Z dates to 19.000 
14CC yr BP with a strong expansion of Myrica. Timbio shows the same succession from 20,000 
14CC yr BP (c. 355 cm depth in zone TIM-2C). Immediately after the Hedyosmum peak appears 

WeinmanniaWeinmannia in combination with Quercus and finally Myrica, a succession that can be found 

inn both cores. In zones PIT I1-Y3 and PIT 11-Z, Alnus reaches more than 30%. At site 

Timbio,, Alnus appears only with very low percentages (<3%). This may relate to different 

locall  hydrological conditions at sites Timbio and Pitalito. 

Bakkerr (1990) reported that Weinmannia and Quercus forest occur presently at elevations 

aroundd 2600 m and that Myrica grows at about 3000 m. The record of Myrica is difficult to 

interprett because there are two species with different ecological preferences which cannot be 

separatedd palynologically. Myrica parviflora grows in high elevations near the upper forest 
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limi ll  and is also characteristic of poorly drained peaty substrates, whereas M. pubescens is 

mainlyy part of the zonal forests also occurring at lower elevations. In Figure 4.3. only M. 

pubescenspubescens is mentioned as occurring in the study area at elevations between 1800 and 3100 

m.. Therefore, we considered which pollen types are found in combination with Myrica: in this 

casee Weinmannia and Quercus, which indicate montane forest of higher elevation. Based on 

thiss species composition and the above mentioned lapse rate, we tentatively assume a 

temperaturee depression of 5,1 ° to 7,5°C compared to today. 

Sedimentationn in zone TIM-3 is thought to be partially disturbed; the sedimentary sequence 

containingg sandy deposits and an inconsistent sequence of radiocarbon dates. Therefore, 

resultss of zone TIM-3 are tentative. Following the Myrica peak, high amounts of Ilex 

continue,, but there is also a strong presence of Poaceae and Asteraceae and few pollen grains 

fromm upper tree limit vegetation, such as Laplacea. Apparently, the upper forest limi t was at 

muchh lower elevation than today suggesting lower temperatures. In the high Andean dwarf 

forestt belt an Ilex community has been described for elevations between 3600 and 3700 m 

(Bakker,, 1990). This community does not contain Hedyosmum, but few pollen grains of 

HedyosmumHedyosmum were found in pollen zone TTM-3. Hedyosmum has its uppermost distribution at 

elevationss of ca. 2250 m in the Andean forest belt near Popayan (Fig. 4,3.). Derived from the 

differencee between these two altitudes (2250 and 3650 m), it seems likely that a downslope 

shiftt of vegetation belts occurred in the range of about 500 to 1950 m (median 1225 m). 

Acceptingg that the real temperature decrease must have been close to the average calculated 

temperaturee drop linked to a lowering of forest limi t of 1225 m, a temperature decrease of c. 

7.4DCC is suggested. However taking into account that the pollen production of Hedyosmum 

pollenn is probably much higher than pollen production of the other mentioned upper tree line 

taxaa (Bocconia, Symplocus-type and Laplacea), and transport of Hedyosmum pollen probably 

moree effective, we expect a stronger downslope shift than the average value of 1225 m. 

Therefore,, the period of 16,600 to 9200 C yr BP {zone TIM-3) seems to be colder than the 

periodd of 21.100 to 16,600 l4C yr BP (zone TIM-2C) and the coldest interval in the whole 

record.. In case the increasing representation of Poaceae might reflect evidence of First 

disturbancee by Palaeoindians, this zone is unsuitable to infer climatic conditions. 

Vegetationn succession during the last 2000 years (zone TIM-4) is comparable to other records 

fromm the subandean forest belt. Most characteristic is a decrease of grassy vegetation 

(Poaceae).. and an increase of forest taxa. Such development is also evidenced by a pollen 

recordd from the Pitalito basin (PIT 2) and by the pollen record of site Pantano de Genagra 
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(17500 m, Behling et al., 1998). PIT 2, Pantano de Genagra, and Timbio also show a 

significantt decrease in the representation of Zea mays. The start of forest recovery, after a 

periodd of significant human impact, has been dated by Behling el al. (1998) at 800 C yr BP 

(interpolatedd age at 75 cm depth in core Genagra). At site PIT 2 Bakker (1990) gives an age 

off  650 l4C yr BP (85 cm depth) for this event, which is at the very beginning of the phase of 

forestt recovery in that diagram. In our record an interpolated age of 900 C yr BP is obtained 

forr this event at 48.5 cm depth. Although after calibration into calendar years these ages give 

aa wide range, all ages are younger than the first arrival of the Spanish conquistadors. The 

mainn elements in the secondary forests are Hedyosmum, Cecropia and Alchornea, and these 

treess are frequent in areas with disturbed vegetation and prefer moist and relatively warm 

conditions. . 

4.7.. Summary 

Negret'ss inventory studies of the last remnants of forest combined with information of the 

potentiall  natural vegetation from the 'forest map' and 'ecological map* of Colombia provided 

ann acceptable calibration set of modem vegetation in the Popayan area and is valuable for the 

interpretationn of palaeovegetational data as inferred by the pollen record. The altitudinal 

rangess of main forest elements shown in Fig. 4.3. may stand as a calibration tool for future 

palynologicall  studies in this area. Pollen of Timbio at 1750 m represents the periods of 

27,000-92000 UC yr BP and 2000 l4C yr BP to sub-recent. Timbio is complementary to the 

periodss represented in the pollen record of Pantano de Genagra at 1750 m alt., and partly 

coevall  with the period represented at Pitalito 11 and Pitalito 2 (both at 1300 m). The 

vegetationall  and climatic development of the Popayan area since 27,000 C yr BP may be 

summarisedd as follows: 

(1)) during the period of 27,200 to 26,000 ,4C yr BP climatic conditions were moist and 

temperaturess ca. 6°C lower compared to today. The landscape consisted of forest and herb-

richrich open vegetation, 

(2)) during the period of 26,000 to 16,600 KC yr BP forest was less open. The succession 

fromm Podocarpus-Weinmannia dominated forest to Hedyosmum dominated forest, and finally 

too forest with Ilex, Myrica and fems indicates a progressive decrease of temperature during 

thiss period with a maximum temperature depression of tentatively 5.1°-7.5QC compared to 

today, , 
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(3)) during the period of 16,600 to 9200 C yr BP temperature decreased ca. 7.4°C 

comparedd to today, and climate was driest. Sandy deposits and an inconsistent radiocarbon 

agee suggest disturbance in the sediment record, 

(4)) during the period of 2100 to 600 ,4C yr BP deforestation and crop cultivation points to 

significantt human influence, subsequently followed by a period of forest recovery that started 

beforee the arrival of the Spanish conquistadors. 

Thee estimated LGM temperature depression reconstructed from site Timbio (1750 m) is 

betweenn 5.1° and 7.5°C (average value of 6.3°C). For elevations >2600 m the estimated value 

liess at about 8°C (e.g. sites Funza-I and Funza-II in Hooghiemstra, 1984; Hooghiemstra and 

Ran,, 1994), LGM temperature depression at sea-level was estimated at DC (based on 

analysiss of noble gases and the age of groundwater in lowland Brazil; Stute et al., 1995). 

CC (based on Amazonian pollen data; Van der Hammen and Absy, 1994), 2.5°-3°C (based 

onn global multiproxy data; Farrera et al., in press), and 5°-6°C (based on neotropical lowland 

sitess only ; Farrera et al., in press). So, the value at 1750 m (ca. 6.3°C) is in between the 

valuess at >2600 m (ca. 8°C) and at sea-level (range of 2.5°-6°C) and supports the observation 

thatt glacial lapse rates were steeper than in modern time (Van der Hammen and 

Hooghiemstra,, in press). New data on palaeotemperatures from die littl e researched 

subandeann forest belt are relevant to evaluate the discrepancy between LGM temperatures at 

sea-levell  (Amazon basin) and at high elevation in the Andes. 

II  This paper is dedicated to dr Alvaro José Negret, an eminent naturalist who passed away 

suddenlyy in July 1998. 
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Environmentall  change in the Colombian subandean forest belt 

fromm 8 pollen records: the last 50 kyr . 

M.. Wille, H. Hooghiemstra, H. Behling, K. van der Borg. 

AJ.Negrel(t) ) 

Abstract t 

Wee present a reconstruction of forest history and climatic change based on 11 pollen records 

fromm 8 sites, all located in the lower montane forest belt of the northern Andes in Colombia. 

Wee compared records from the Popayan area in southern Colombia, Timbio (1750 m), 

Genagraa (1750 m) and Pitalito (1300 m) and the new Piagua (1700 m) record, with the 

recordss from Lusitania (1500 m), Libano (1820 m), Pedro Palo (2000 m) and Ubaqué (2000 

m)) from central Colombia. The changes of the altitudinal position of the lower/upper montane 

(== subandean/Andean, S/At) forest belt transition were used to estimate temperature change 

forr the last 50 kyr. We infer a LGM temperature drop of 6°-7°C at 1700 m, and a steeper 

LGMM lapse rate of 0.76DC/100 m compared to today (ca. 0.6°C/100 m). Around 50 HC kyr 

B.P.. temperature at 1700 m was ca. 3DC lower than today. Until 20 MC kyr B.P. temperature 

oscillatedd and gradually decreased. During the LGM, temperature was maximally ca. 6°-7cC 

lowerr than today. After the LGM temperature increased and ca. 14 ,4C kyr B.P. it was 2°-3°C 

lowerr than today (S/At at ca. 1800 m, 500 m below present elevation; Susaca interstadial). An 

unquantifiedd cooling (Ciega stadia!) followed. During ca. 12.3-11.7 HC kyr B.P. the S/At 

shiftedd upslope to 2100 m indicating a temperature of 1°-2°C cooler than today (Guantiva 

interstadial).. From 11.7-10.9 UC kyr B.P. the S/At was at 1800 m indicating temperature was 

ca.. 3CC lower than today and humid conditions prevailed (partly coinciding with the El Abra 

stadial).. The period 10.9-9 UC kyr B.P. was also cool, but drier. During 9-7.5 ,4C kyr B,P. 

temperaturee was ca. 1°C warmer relative to today (mid Holocene hypsithermal). During the 
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lastt 5 kyr presense of cultivated plants demonstate human colonization of the lower montane 

zonee in Colombia. 

5.11 Introductio n 

Ourr understanding of the Late Quaternary environmental change in the northern Andes of 

Southh America is mainly based on pollen records from sites between 2500 and 4400 m above 

sea-levell  (LAPD 1996). These records show a vertical migration of the main vegetation belts 

duringg the last glacial-interglacial cycle, mainly responding to temperature change. In 

palynologicall  studies temperature reconstructions are mainly based on altitudinal shifts of the 

upperr forest line, which corresponds to the 9.5°C annual isotherm, currently located at 3200 

m.. Van der Hammen and Gonzalez (1963) and Hooghiemstra (1984) used a lapse rate (change 

inn temperature with height) of 0.65°C/100 m in reconstructions from pollen sites at 2550 m. 

Basedd on analysis of meteorological data Witte (1994) calculated for the Colombian Andes a 

modernn lapse rate of 0.55°-0.62°C/100 m which is close to the value of 0.64°C/100 m 

calculatedd by Thouret (1983) and by Florez (1986). Witte concluded that up to 3750 m 

modernn lapse rates are well defined and stable, while at higher elevation lapse rates become 

unstablee and temperatures depend more on local conditions (Witte 1994). On the basis of 

terrestriall  evidence from pollen, lake-levels and geochemistry in the tropics Fan-era et al. 

(1999)) estimated that during the Last Glacial Maximum (LGM) at 18 UC kyr B,P. the average 

reductionn in temperature was 2.5°-3°C at sea-level and ca. 6°C at 3000 m, thus demonstrating 

lowerr temperature with altitude during the last glacial period. However for the neotropics 

Farreraett al. (1999) showed a larger than avarage LGM sea-level temperature reduction of 5°-

6°C.. Bushet al. (2001) arrived on the basis of pollen data at a rough estimate fora LGM sea-

levell  temperature drop of 5°C, on the basis of pollen data. There is also some impact of 

changess in precipitation on the altitudinal position of the upper forest line (see e.g. Van der 

Hammenn and Gonzalez 1963) and therefore, on temperature reconstructions. Recently it was 

shownn that a low atmospheric pCOi during the glacial period may have contributed to a lower 

forestt line and, as a consequence, temperature estimates from high elevation sites may be 

consideredd as maximum values (Street-Perrott 1994; Street-Perrott et al. 1997; Boom et al. 

2001).. However, a straightforward quantitative estimation of the impact of precipitation and 

loww atmospheric pCOi on temperature reconstructions is not available and the debate 

quantifyingg the impact is still ongoing (Cowling and Sykes 1999, 2000; Williams et al. 2000), 
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Thee occurrence of night frost is an important factor that determines the transition between the 

subandeann and Andean forest belts. Therefore, we assume that the effects of changing 

precipitationn and atmospheric pCOi at mid-altitudes (1300-1700 m) have less impact on the 

altitudinall  position of the forest belts than at high-altitude (> 2500 m) sites. 

Wee observe a significant discrepancy between estimates of the LGM temperature drop in 

northernn South America for sea-level and high elevation, and between authors. Many pollen 

recordss from sites between 2500 and 3600 m have shown that temperature cooled some 8°-

9°CC (e.g. Hooghiemstra 1984; Mommersteeg 1998; Van 't Veer and Hooghiemstra 2000). This 

estimationn is in contrast with recent estimates of the LGM temperature drop at sea-level of 

CC in Amazonia (Van der Hammen and Absy 1994), 6°C for Amazonia by Colinvaux et 

al.. (2000), 4°-5°C in Brazil (Stute 1995), 5°-6°C for the neolropics (Farrera et al. 1999). It 

wass suggested that the present-day lapse rate of 0.65°C per 100 m was sleeper under glacial 

conditionss (Bakker 1990; see also Van der Hammen and Hooghiemstra 2000). 

Objectivess of this paper are to present a new pollen record from site Piagua at 1700 m and to 

synthesizee pollen data from the altitudinal interval of 1300-2000 m to contribute from an 

almostt unexplored altitudinal interval to the current debate of LGM cooling. Attention is paid 

too the sequence of temperature oscillations during the Late Glacial at 1700 m and we compare 

observedd changes with the Late Glacial climate chronology established on pollen sites from 

higherr elevation. Van der Hammen (1995) arrived at the following sequence of 

chronostratigraphicc periods and most probable ages: Susaca interstadial (14-13 C kyr B.P.), 

Ciegaa stadial (13-12.5 14C kyr B.P.), Guantiva interstadial (12.5-11 ,4C kyr B.P.) and El Abra 

stadiall  (11-10.15/9.5 '4C kyr B.P.). We focus on Colombian data for maximum comparability 

andd for the reason that estimates vary between distant areas (Farrera et al. 1999). Thee regional 

environmentall  setting of site Piagua, presented in the following paragraph, is also valid for 

sitess Genagra and Timbio, and as such relevant to appreciate the data synthesis. Another 

deficiencyy in our understanding of altitudinally migrating vegetation belts is to which degree 

vegetationn belts were compressed during glacial conditions; a question that directly relates to 

pastt lapse rates and temperature depression. Van der Hammen (1981) focussed already on this 

aspectt for the Andean forest belt and the different belts of paramo (a mountain vegetation 

consistingg of mainly shrub, grasses, other herbs, cushion plants and mosses, which is found 

abovee the forest line), but a possible compression of the subandean forest belt during glacial 

conditionss was never studied because pollen records were lacking. Based on the biomisation 

off  Colombian pollen data Marchant et al. (submitted) showed clearly that during the mid and 
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latee Holocene biome assignments changed at different altitudes in a different way, indicating 

thatt climatic change is not uniform for the different altitudinal zones in the Colombian Andes. 

Ass several new pollen records between 1300 and 1750 m recently became available, another 

objectivee of this paper is to provide for the first time an integrated reconstruction of changes 

inn the altitudinal range and floral composition of the subandean forest belt. As the best records 

aree located in southern Colombia, this paper is focussed on the area of Popayan, but 

comparisonss with other subandean pollen records have been made. Changes in floral 

compositionn compared to present-day and also changes in the vegetational composition of the 

subandeann forests wil l be evaluated. 

5.22 Environmental setting of the pollen sites 

Thee vegetation in the northern Andes shows a clear altitudinal zonation (e.g. Van der Hammen 

1974;; Hooghiemstra and Cleef 1984) . In this paper we focus on the sites located in the 

subandeann forest belt (= lower montane forest belt), at present day extending from 1000 to 

23000 m elevation. Tropical lowland forest occurs at lower elevation (0-1000 m) and Andean 

forestt {= upper montane forest) at higher elevation (2300-3200 m). The records represent 

variouss time intervals, as shown in the synthesis paragraph, but form together an almost 

completee composite record of the last 50 kyr. 

Sitess from Bogota" latitudes (between 3°49'N and 4°30'N; Fig. 5.1.): 

(1)) Site Lusitania (1500 m. 3°49'N, 76°34'W; Monsalve 1985) is located in the Western 

Cordilleraa of Central Colombia close to the Hacienda Lusitania in a marshy area al the bottom 

off  the El Dorado Valley. 

(2)) Site Libano (1820 m, 4°30'N, 75D30'W; Salomons 1986) is located on a NNE exposed 

slopee of the El Ruiz volcano in the Western Cordillera of Central Colombia and surrounded by 

stronglyy degraded forest. It represents the upper part of a thick soil-tephra sequence collected 

inn a road-cut. 

(3)) Laguna Pedro Palo (2000 m, 4°30'N, 74°23'W; Hooghiemstra and Van der Hammen 1993) 

iss located on the western slope of the Eastern Cordillera facing the Magdalena Valley. 

(4)) Laguna Ubaqué (2000 m, 4 30'N, 73 55'W, Berrio 1995) is located on the eastern slope 

off  the Eastern Cordillera. The sediment sequence was collected at the border of the lake which 

iss about 300 x 500 m in size. Under natural conditions the lake was located in the upper part 

off  the subandean forest, but the area is totally deforested. 
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Fig.Fig. 5.1. Map showing the location of the pollen sites in the present 

suhandeansuhandean (lower montane) forest belt. LIB = Lihano, PP - Laguna 

PedroPedro Palo, UBA = Laguna Ubaqué, LUS = Lusitania, GEN = 

PantanoPantano de Genagra. PIA - Pantano Piagua, TIM = Pantano 

Timbio.Timbio. PIT - Pitalito. Patterns show altitudinal intervals. 

Sitess from Popayan latitudes (between P52'N and 2°28'N; Fig. 5.1.): 

(5)) Piagua (1700 m, 2°30'N, 76°30'W) is a small village about 10 km south of Popayan in the 

catchmentt area of the Patia River. The site is located at the southern edge of the village. It is a 

smalll  swampy area, about 100 x 100 m in size, in a depression which is crossed by a small 

shalloww creek draining in a westerly direction. The catchment area of the depression is almost 

11 km in diameter. Surrounding slopes are gentle and are part of a saddle like interandean high 

plateau.. This plateau separates two drainage systems that originate southeast of Popayan: the 

Caucaa river at about 3500 m, and the Patia and Timbio rivers at approximately 2500 m. 

(6)) Pantano Genagra (1750 m, 2°28'N, 76°37'W: Behling et al. 1998) is a swamp of 200 x 50 

mm in size, located in a small valley with steep slopes on the Hacienda Genagra. 5 km north of 

thee city of Popayan. The site lies in the catchment area of the Cauca river. 
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(7)) Site Timbio (1750 m, 2°24'N, 76°36'W; Will e et al. 2000) is located in a swampy area, 

aboutt 60 m in diameter, located in a small depression and is part of the catchment area of the 

Patiaa river. 

(8)) Site Pitalito (1300 m, I°52'N. 76°02'W; Bakker 1990) is located in a sediment filled basin 

inn the southern Magdalena Valley between the Central and Eastern Corillera. Core Pitalito-11 

wass taken from a small grass yard near the southern basin margin. Core Pitalito-2 was taken 

fromm a swampy area in the northwestern part of the basin. 

5.2.15.2.1 Modem vegetation of the Popayan area 

Thee natural vegetation of the study area, including sites Piagua, Timbio, Genagra and Pitalito, 

iss almost completely replaced by commercial forestry, coffee plantations and farmland. At 

presentt only small patches of forest, possibly representing secondary vegetation, occur along 

thee rivers. Near Popayan the upper forest limi t is at about 3400 m. An evaluation of the 

potentiall  natural vegetation of this area, based on analysis of the legend units of the ecological 

mapp of Colombia (IGAC 1977), and floral inventory studies of remnants of forest, is 

presentedd elsewhere (Will e et al. 2000) and serves to help understand pollen records from this 

area.. Here we summarise the altitudinal range and floral composition of the main forest types 

inn the study area (Fig. 5.2.): 

Humidd low montane forest (1000-1400 m): Croton gossypiaefolius, Erythrina poeppigiana, 

IngaInga densiflora, Miconia rufescens/albicans, Myrsine guianensis, Nectandra sp. 

Veryy humid low montane forest (1400-2000 m): Alchornea latifolia, Clusia sp., Erythrina 

sp.,, Inga sp., Miconia caudata/theaezeans, Myrica pubescens, Myrsine guianensis, Piper 

aduncum,aduncum, Tabebuia chrysamha. 

Veryy humid montane forest (2000-3000 m): Alchornea bogotensis, Bocconia frutescens, 

ClusiaClusia sp., Hedyosmum bonplandium, Hyeronima sp., Myrica pubescens, Myrsine 

ferruginea,ferruginea, Podocarpus oleifolius, Quercus humboldii, Vismia baccifera, Weinmannia 

pubescens. pubescens. 

Humidd montane forest (2500-3000 m): Bocconia frutescens, Jamesonia sp., Laphcea sp.. 

MyricaMyrica pubescens, Quercus humboldtii, Weinmannia sylvatica. 
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Fig.Fig. 5.2. Altitudinal distribution of modern forest taxa in the Popayan area based on 

inventoryinventory studies by Negret. Only taxa represented in the pollen records are shown 

(after(after Wille et al. 2000). 

Thee forest classes from the ecological map of Colombia are mainly based on ranges of modern 

precipitation,, whereas the traditional zonation used in Fig. 5.2. is mainly based on 

temperature.. Identification of the above mentioned forest types in the pollen diagrams, in 

particularr the 'very humid montane forest between 2000 and 3000 m' is helpful to estimate 

changess in precipitation. This forest type has not been used to estimate the altitudinal 

distributionn of main vegetation belts because Alchornea bogotensis, Clusia sp., Hyeronima 

sp.,, Myrica pubescens, Myrsine ferruginea, and Vismia baccifera are taken as evidence for 

thee subandean forest belt, whereas Bocconia frutescens, Hedyosmum bonplandium, 

PodocarpusPodocarpus oleifolius, Quercus humboldii. and Weinmannia pubescens are taken as evidence 

off  the Andean forest belt. 

5.2.25.2.2 Climatic conditions 

Thee subandean forest belt in general is characterised by temperatures of 14° to 25°C; mean 

annuall  rainfall ranges from 1200 to 2900 mm. The climate station at Popayan airport (1730 
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m)) shows for the period of 1982 to 1995 an annual rainfall between 1580-3160 mm (average 

21400 mm) with a relatively dry period from June to August. On average, the lowest 

temperaturess are between 12° and 14°C whereas the highest temperatures are from 23° to 

25°C.. A longer precipitation record from Popayan, covering the period of 1955-1984, shows 

ann average annual rainfall of 2060 mm with a dry period from June to September (Rangel 

1991).. The driest month during the year is July with an average rainfall of about 60 mm and 

thee wettest month is November with some 340 mm precipitation. Seasonality in precipitation 

relatess to the annual movements of the Intertropical Convengence Zone (ITCZ) cutting 

especiallyy the Andean area into a northern and a southern part. From January to April the 

ITCZZ is located at ca. 5°N and from July to October at ca. 10°N. The area north of these 

latitudess is influenced by the north-easterly trade winds causing relatively warm and dry 

conditions,, whereas the part in the south is influenced by southerly or south-westerly winds 

bringingg mostly clouds and rain. Additionally the three Cordilleras of the Andes form barriers 

forr winds and clouds (Martyn 1992). Therefore the northern Andes are divided into regions 

withh locally different climate regimes (e.g. up/down winds, cloud cover, precipitation). On 

longerr time scales fluctuations in precipitation are forced by latitudinal changes of the 

Southernn Oscillation (Martin et al. 1993) and latitudinal movements of the ITCZ due to 

precessionn forcing (Martin et al. 1997). 

5.2.35.2.3 Human impact 

Recordss of human occupation of the study area come from archeological sites. Gnecco (1999) 

foundd substantial evidence for a Late Glacial-early Holocene occupation in the valley of the 

Magdalenaa river and in the upper and middle Calima valley since 10 C kyr B.P. At site San 

Isidro,, which is located about 50 km north of Popay&n, human impact was also dated back to 

100 l4C kyr B.P. (Gnecco and Mora 1997). Considering human impact on the Colombian 

vegetationn more in general, Marchant et al. (submitted) shows in a biome reconstruction at 10 

timee slices from 6 ,4C kyr B.P. to the present that the degraded vegetation category started at 

loww elevations between 5-3 ,4C kyr B.P., gradually increasing and expanding to higher 

elevationss during the last 2.5 l4C kyr B.P. In our southern Colombian pollen records the first 

humann occupation can be recognised at 4.3 ,4C kyr B.P. in Pitalito (Bakker 1990), about 2.3 

'*CC kyr B.P. in Genagra (Behling et al. 1998), and at about 2.1 i4C kyr B.P. in Timbio (Wille 

ett al. 2000). 
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5.33 Methods 

5.3.15.3.1 Recovery and analysis of the new Piagua core 

Thee 6-m-long sediment core from Piagua was drilled with a Dachnowsky sampler in the 

centree of the swamp. Sediment cores of 25 mm diameter were collected in 25 cm increments, 

wrappedd in plastic foil and transported in PVC gutters. Connections between sediment 

incrementss were of good quality. Only the sediments between 0 to 60 cm were too soft to be 

recoveredd as a solid core; therefore this interval was subsampled in 10 cm intervals in the 

fieldfield after coring. The interval 377 to 349 cm was very wet and sandy and could not be 

recovered.. Sandy sediments below 600 cm prevented further sediment recovery. In the 
3 3 

laboratoryy the core was stored under cold (4°C) and dark conditions. Samples of 0.5 cm were 

takenn at 5 cm intervals along the core for pollen analysis. The samples were treated with 

sodiumm pyrophosphate, acetolysis and heavy liquid separation with bromoform (Faegri and 

Iversenn 1989). A tablet of exotic Lycopodium spores was added to each sample to calculate 

pollenn concentration values. A minimum of 300 pollen grains were counted in each sample. 

excludingg taxa representing aquatic and lake shore vegetation. Core Piagua revealed 127 

differentt identified fossil pollen and spore types (Tab, 5.1.). 

Tab.Tab. 5.1. Identified fossil pollen and spore types in core Piagua. Taxa have been arranged 

afterafter altitudinal and ecological preference. Taxa with an asterisk are included in the pollen 

sum. sum. 

Lowerr  subandean trees and shrubs (1000 - 1800 m) 

Acalypha Acalypha 

Bombacaceae e 

Menisspermaceae e 

Moraceae/Urticaceae e 

Upperr  subandean trees 

Alnus Alnus 

Bocconia Bocconia 

Clusia Clusia 

Dodonaea Dodonaea 
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andd shrubs (1800 - 2300 m) 

Ericaceaee Myrica 

GunneraGunnera Myrsine 

HedyosmumHedyosmum Podocarpus 

JuglansJuglans Symplocus 
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Tab.. 5.1. (continued) 

Drimys Drimys Laplacea Laplacea Weinmannia Weinmannia 

Otherr  subandean trees and 

Abutilon-type Abutilon-type 

Alchornea Alchornea 

Anacardiaceae e 

Antidaphne Antidaphne 

Apocynaceae e 

Arecaceae e 

BauhiniaBauhinia bicuspidata-typc 

Bignoniaceae e 

Caseariatype Caseariatype 

Cecropia a 

CordiaCordia lanata-type 

Croton Croton 

Daphnopsis Daphnopsis 

Euphorbiaceae e 

Hyeronima Hyeronima 

shrubs(10000 - 2300 m) 

Ilex Ilex 

Lafoensia Lafoensia 

Lauraceae e 

Loranthaceae e 

Mabea-type Mabea-type 

Malpighiaceae e 

Malvaceae e 

Melastomataceaee 19 um 

cf.. Miconia {= 

Melastomataceaee 19 pm) 

Meliaceae e 

Mimosaceae e 

MimosaMimosa pudica-type 

Myrtaceae e 

Oryctanthus Oryctanthus 

Piper Piper 

Polemoniaceae e 

Proteaceae e 

Psychotria Psychotria 

Quercus Quercus 

Rubiaceae e 

Sapindaceae e 

Sapium m 

Solanaceae e 

Styrax x 

Tetrorchidium Tetrorchidium 

Tournefortia Tournefortia 

Verbenaceae e 

Zanthoxylon Zanthoxylon 

Herbs s 

Acanthaceae e 

Amaranthaceae/ / 

Chenopodiaceae e 

Apiaceae e 

Artemisia Artemisia 

Asteraceaee (Asteroidae) 

Asteraceaee (Cichorioidae) 

Begonia Begonia 

Boraginaceae e 

Borreria Borreria 

Brassicaceae e 

Bromeliaceae e 

Caryophyllaceae e 

Convolvulaceae e 

Cucurbitaceae e 

Cuphea Cuphea 

Hypericum Hypericum 

Iridaceae e 

Lamiaceae e 

Lupinus Lupinus 

Papilionaceae e 

Plantago Plantago 

Poaceae e 

Polygala Polygala 

PolygonumPolygonum persicaria-typc 

cf.. Portulacaceae 

Ranunculaceae e 

Spermacoce Spermacoce 

Valeriana Valeriana 

Vernonia-type Vernonia-type 

Humann Impact indicators 

tpomoea-type tpomoea-type 

Manihot Manihot 

Phaseolus-type Phaseolus-type 

Aquati cc taxa 

Cyperaceaee Sagittaria 

EchinodorusEchinodorus Selaginella 

LudwigiaLudwigia Typha 
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Tab.. 5.1. (continued) 

ZeaZea mays Hydrocotyle Hydrocotyle 

Isoëtes Isoëtes 

Utricularia Utricularia 

Ferns s 

Anemia Anemia 

Grammilis-type Grammilis-type 

Jamesonia-type Jamesonia-type 

LophosoriaLophosoria quadripinnata 

LycopodiumLycopodium foveolate 

(formm type) 

LycopodiumLycopodium jussiaei-type 

Marsileaceae e 

Monoletee psilate 

Monoletee verrucate 

Osmunda-type Osmunda-type 

Trilett echinate 

Trilett psilate 

Trilett verrucate 

Treee ferns 

Cyatheaceae e 

CyatheaCyathea horrida 

(=Hemitelia) (=Hemitelia) 

Mosses s 

Anthoceros Anthoceros 

Phaeoceros Phaeoceros 

Forr pollen and spore identification of all cores in the Popaydn area we used the studies of 

Murill oo and Bless (1974, 1978); Hooghiemstra (1984); Roubik and Moreno (1991); Graf 

(1992);; Behling (1993); Herrera and Urrego (1996) and the reference collection of the Hugo 

dee Vries Laboratory. For calculation and presentation of the data of sites Piagua, Timbio and 

Genagra,, TILIA . TILIAGRAPH and CONISS software was used. Original counting data of 

thee cores from site Pitalito were not available any more, therefore we had to use the data 

presentationn as originally published, which is different from the new cores. The pollen 

percentagee diagram shows only the most important taxa. Taxa of cores Piagua, Timbio and 

Genagraa have been arranged into seven ecological groups: (1) upper subandean trees and 

shrubs,, (2) lower subandean trees and shrubs, (3) other subandean trees and shrubs without 

clearr altitudinal preference, (4) human impact indicators, (5) herbs, (6) aquatics, and (7) ferns. 

Taxaa belonging to the groups 1 to 5 represent the regional vegetation and are included in the 

pollenn sum. Rare taxa that occur mainly at higher elevation (in the Andean vegetation belt, 

suchh as Drimys), or mainly at lower elevation (in the tropical lowland vegetation, such as 

Bombacaceae)) were placed into the nearest group of the subandean forest. Taxa that occur 

acrosss the whole altitudinal range of the subandean belt, without clear altitudinal preference, 

weree grouped into the category 'other subandean forest taxa'. 

Eightt 0.5 cm3 bulk samples were collected for AMS C dating at depths where significant 

changess in the pollen record occurred. Samples were cleaned of roots and dated at the Van de 

Graafff  Laboratory of the University of Utrecht (Van der Borg et al. 1987). 
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5.3.25.3.2 Interpretation and comparison of pollen records 

Interpretationn of pollen records is based on studies of the modern pollen rain along altitudinal 

transectss in Central Colombia by Grabandt (1980), Melief (1985), Witte (1994). A synthesis 

off  modem pollen rain at Bogota latitudes (Fig, 5.3.) shows the direct relationship with the 

altitudinall  distribution of the main floral elements (Cleef and Hooghiemstra 1984; 

Mommersteegg 1998). The altitudinal vegetation distribution in the Popayan area is similar and 

differss only in detail (Fig. 5.2.). In the palaeotemperature reconstructions we used a lapse rate 

off  0.6°C temperature decrease per 100 m upslope shift 
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5.44 Results 

5.4.11 Stratigraphy of core Piagua 

Thee stratigraphy of the sediment sequence is summarised as follows: 

00 - 175 cm dark brown organic rich soft clay, plant remains, rootlets between 0 - 125 cm 

1755 - 289.5 cm dark brown clay with dark grey loamy fraction 

289.55 - 292 cm brown sand with organic rich components 

2922 - 349 cm brown-grey clay 

3499 - 377 cm sediments not recovered 

3777 - 425 cm light brown-grey clay 

4255 - 500 cm dark grey clay 

5000 - 550 cm dark brown clay 

5500 - 600 cm dark brown clay, downward increasing amounts of sand 

5.4.25.4.2 Time control of core Piagua and other subandean forest records 

Thee 14C ages of core Piagua belong to three different time intervals (Tab. 5.2.). The 

lowermostt sample at 599 cm dates back to Middle Pleniglacial time. The lowermost 50 cm of 

sedimentss are increasingly sandy: this points to riverine activity during the last glacial. 

Organicc rich sediments of Middle Pleniglacial time (also found in the cores of Genagra and 

Timbio)) may have been removed from this depression during the later part of the glacial and 

remnantss may have been dated in this sample. The high percentages of upper subandean forest 

elementss in the lowermost sample, also point to cooler conditions as in the adjacent part of the 

recordd and support a glacial age of these sediments. Therefore, we consider the lowermost 

radiocarbonn sample as being contaminated. As also the lowermost two pollen samples are at 

significantt variance with the remaining part of pollen zone PIA-1 we also discarded these 

pollenn assemblages. The following core interval shows four radiocarbon dates of Late Glacial 

andd early Holocene age. The depth vs. age profile of Piagua 

(Fig.. 5.4.) shows a linear relationship for the period of 14 to 7.5 l4C kyr B.P. The transition 

too the uppermost core interval with three samples of late Holocene age is formed by a 2.5-cm-

thickk sand layer which has a minimum age of 3 ' C yr B.P. In the upper core interval 
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thee depth vs. age profile shows also a constant sedimentation rate during the last 1.9 C kyr 

B.P.. A hiatus in the sedimentary record of core Piagua from 7.5 to 1.9 C kyr B.P. is obvious. 

On n 
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g"" 300-

33 400-

500--

600--
00 5 10 15 40 

Radiocarbonn years BP (x 1000) 

Fig.Fig. 5.4. Depth vs. age profile of sediment core Piagua, southern Colombia. 

Basedd on CONISS cluster analysis, and supported by marked changes in the pollen 

assemblages,, five pollen zones were recognised: P1A-1 (595-472 cm, 26 samples), PIA-2 

(472-342.55 cm, 24 samples), PIA-3 (342.5-292.5 cm, 12 samples), PIA-4 292.5-92.5 cm. 45 

samples),, and PIA-5 (92.5-0 cm, 14 samples) 

Tab.Tab. 5.2. Absolute time control of the sediment cores from the Popayan area: core Piagua 

(PIA),(PIA), core Genagra (GEN), core Timbio (TIM), core Pitalito-2 (PIT-2), and core Pitalito-11 

(PIT-11). (PIT-11). 

Depthh (cm) Col-No. UtC-No. C yr  B.P. 8 " C C 

Piagu a a 

Genagr a a 

89 9 

197 7 

291 1 

310 0 

386 6 

462 2 

512 2 

599 9 

100 0 

199 9 

348 8 

463 3 

1145 5 

1123 3 

1146 6 

1124 4 

1147 7 

1148 8 

1149 9 

1073 3 

1084 4 

1056 6 

1057 7 

1058 8 

7549 9 

5844 4 

7550 0 

5845 5 

7551 1 

7600 0 

7601 1 

4967 7 

5479 9 

4959 9 

4960 0 

4961 1 

650±8 0 0 

1213+3 5 5 

1923±4 3 3 

7996±4 9 9 

100 340±6 0 

122 960+13 0 

133 950+13 0 

400 900+900-100 0 

1092±4 4 4 

2326±4 5 5 

533 00 0 -500O/+300 O 

566 00 0 -9000/+400 0 

-24. 7 7 

-21. 5 5 

-23. 4 4 

-29. 4 4 

-29. 9 9 

-31. 8 8 

-29. 6 6 

-29. 3 3 

-19. 5 5 

-19. 6 6 

-30. 4 4 

-29. 4 4 
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Tab..  5.2 . 

Timbi o o 

Pii  ta l  it o 2 

Pitalit oo 1 1 

(continued ) ) 

550 0 

690 0 

90 0 

212 2 

221. 5 5 

311 1 

344 4 

432 2 

499 9 

306-31 0 0 

206-21 0 0 

541-54 5 5 

891-89 5 5 

1271-127 5 5 

1059 9 

1060 0 

1125 5 

1133 3 

1132 2 

1131 1 

1085 5 

1191 1 

1072 2 

4962 2 

4963 3 

5846 6 

6799 9 

6798 8 

6797 7 

5480 0 

8033 3 

4966 6 

13993 3 

13992 2 

13990 0 

13991 1 

a-31 8 8 

500 00 0 -8O00/+40O 0 

>544 0O 0 

!700±2 9 9 

9870±8 0 0 

366 000±70 0 

199 160±11 0 

199 53O±13 0 

400 70 0 +900/-80 0 

277 200±26 0 

7150±10 0 0 

200 370±14 0 

311 750+55 0 

455 50 0 +2700/-200 0 

U/T hh y r  B.P . 

677 700+9900/-910 0 

-24. 6 6 

-29. 5 5 

-20. 6 6 

-28. 7 7 

-29. 6 6 

-29. 0 0 

-28. 7 7 

-31. 0 0 

-26, 8 8 

Thee pollen records from South Colombia have satisfactory time control. Whereas record 

Genagraa include radiocarbon ages older than 50 l4C kyr B.P., time control of record PIT-11 

providess also radiocarbon ages of 45.5 I4C kyr B.P. and 31.5 UC kyr B.P. The interval around 

thee LGM is represented in the pollen records from Timbio and Pitalito. The Late Glacial is 

shownn in the pollen records Timbio and Piagua, whereas the early to mid-Holocene interval is 

onlyy represented in the younger record from Pitalito (PIT-2). The last about 2 C kyr B.P. are 

representedd in all records and time control of this period is based on six radiocarbon ages in 

total. . 

Thee subandean pollen records from Central Colombia have less satisfactory time control. 

Threee time intervals are represented in the Lusitania record. The lower part of the core 

includess three ages around 39 l4C kyr B.P. In the upper part of the Lusitania core, two 

radiocarbonn ages at 30 cm from each other show 14.58 C kyr B.P. and 5.15 C kyr B.P.; 

thiss difference in age and marked difference in the lithology is indicative of a gap in the 

record.. The pollen records of Pedro Palo and Libano include radiocarbon dates from the base 

off  the records showing Late Glacial ages. The youngest record of the Pedro Palo (PP-II) site is 

undated.. One radiocarbon date at the base of core Ubaqué shows the pollen record represents 

thee last 3.5 HC kyr B.P. 
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5.SS Late Glacial and Holocene environmental change at Piagua (Figs. 5.5,5.6, appendix) 

Thee period of 15.5 to 13.1 l4C kyr B.P. (zone PIA-1, 595 -472 cm) 

Thee oldest interval represents the period of ca. 15.5 '4C kyr B.P. (extrapolated age for 590 cm 

usingg a linear accumulation rate) to 13.1 14C kyr B.P. During the period from 15.5 to 14.8 C 

kyrr B.P., Gwercws-dominated forest was abundant around the site at 1700 m. At present 

QuercusQuercus forest is common between 1550 and 2400 m. Also upper subandean/Andean forest 

withh a significant contribution of Weinmannia, Hedyosmum and Myrsine was present around 

thee site. Between 14.8 to 14 l4C kyr B.P., Quercus became less dominant and Andean taxa 

likee Weinmannia and Miconia became more abundant. The change in forest composition 

pointss to cooling. For the interval 15.5-14 14C kyr B.P., we estimate that the subandean to 

Andeann forest belt transition (S/At) was located at 1500/1600 m. That is 800-700 m lower 

thann today which points to temperatures 4°-5°C lower than today using the 0.6°C/100 m lapse 

rate. . 

Fromm 14 to 13.1 l4C kyr B.P., Quercus and Weinmannia forest communities were replaced by 

AlchorneaAlchornea dominated forest (present-day altitudinal range: 1350-1750 rn) whereas the 

contributionn of Miconia did not change. Lower subandean forest with Moraceae/Urticaceae 

andd Acalypha reached nearer to site Piagua which was probably surrounded by uppermost 

subandeann forest. We interpret this change as an upslope shift of the S/At from 1500/1600 m 

too about 1800 m and temperature must have increased by ca. 1.5°C to a level of some 3°C 

lowerr than today. The temperature increase during this period is called the Susaca interstadial 

andd represents the start of the Late Glacial period which was dated in other Colombian pollen 

recordss to 14 l4C kyr B.P. (Van der Hammen 1995, Thouret et al. 1997). 

Apartt from some Cyperaceae and Selaginella, aquatic vegetation was rare indicating open 

waterr conditions. Poor local vegetation, and as a consequence low input of organic material, 

iss supported by the presence of grey sediments, mixed with dark brown sediments that 

apparentlyy received a temporary supply of organic material from the surrounding forested 

area. . 

Thee period of 13.1 to 10 l4C kyr B.P. (zone PIA-2, 472 - 342.5 cm) 

Duringg the period 13.1 to 10 14C kyr B.P. Alchornea disappeared as a dominating tree, and 

otherr arboreal taxa of the subandean forest belt, such as Quercus, Ilex and Euphorbiaceae 
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mainlyy made up the forest. Herbaceous vegetation became abundant, mostly represented by 

Poaceaee and Asteraceae. 

Forr the period from 13.1 to 12.3 C kyr B.P., we are not confident to reconstruct the forest 

compositionn because of the relatively high number of unknown pollen grains. Most of the 

unknownn pollen grains are tricolporate and reticulate to microreticulate, which are common in 

familiess such as Leguminosae and Rubiaceae with many arboreal genera represented in the 

subandeann and Andean forest belts. It is also possible that this relatively high number of 

unknownn pollen grains might represent a yet unknown forest community; but assuming an 

unknownn forest type with no modern analogue that occurred only for a few hundred years and 

disappearedd again is doubtful. The forest seems mainly made up of Quercus, Hex, 

HedyosmumHedyosmum and Euphorbiaceae, taxa that are indicative of forest types of the subandean as 

welll  as the Andean forest belt. Alchornea and Miconia disappeared almost completely. In our 

opinionn the forest composition is not sufficiently indicative of a temperature range. The 

abundancee of Poaceae and Asteraceae points to more open forest. Presence of herbs, 

LycopodiumLycopodium (with foveolate spores) and shrubs {Hypericum and Asteraceae) that nowadays 

occurr close to the upper forest line, could also suggest that the width of the forest belt was 

significantlyy reduced during this period, a phenomenon also reported for the region around 

Lagunaa Pedro Palo (Hooghiemstra and Van der Hammen 1993). Although the temperature in 

thiss period was probably lower than before, we cannot make a quantitative estimation on the 

basiss of core Piagua. Other records further north in the Central Cordillera show a distinct 

coolingg during this period known as the Ciega stadial (Van der Hammen 1995). 

Fromm 12.3 to 11.7 C kyr B.P., lower subandean forest taxa like Acalypha and 

Moraceae/Urticaceaee were abundant and formed with Cecropia and Myrtaceae a forest type 

thatt points to a distinct warming. We estimate that the S/At shifted to about 2100 m and the 

temperaturee was approximately 1°-2°C cooler than today. This period corresponds to the 

Guantivaa interstadial. 

Betweenn 11.7 and 10.9 UC kyr B.P. the forest composition changed again. At the beginning 

off  this interval. Acalypha, Cecropia and Moraceae/Urticaceae (lower subandean forest taxa) 

disappearedd almost completely and were replaced by trees of the upper subandean and 

Andeann forest belt such as Miconia, Quercus and Weinmannia. We estimate that the S/At 

shiftedd downslope to ca. 1800 m indicating temperatures of about 3°C lower than today. If 

thiss cold interval corresponds to the El Abra stadial, it is noted here that cooling started ca. 

7000 years earlier than in records from higher elevation (Van der Hammen and Hooghiemstra 
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1995).. Nevertheless, this discrepancy may just be a result of the lack of precise dating control 

(seee the final section). 

Fromm 10.9 to 9 14C kyr B.P., other subandean forest taxa like Myrsine and Hex became more 

abundant.. During the same interval, the occurrence of Chenopodiaceae, Malvaceae and 

Abuiilon-lypeAbuiilon-lype indicate drier conditions than before. We estimate the S/At at the same 

elevation,, but the climate was drier than before. A change to drier conditions from 10.5 to 9 

l4CC kyr B.P. was also observed by Van't Veer et al. (2000) for the area of Bogota. 

Thee period of 9 to 7.5 ,4C kyr B.P. (zone PIA-3, 342.5 - 292.5 cm) 

Fromm 9 to 7.5 l4C kyr B.P., the forest composition differs significantly from that before and 

representss the situation during the beginning of the Holocene. The forest was made up by taxa 

characteristicc of low elevation like Moraceae/Urticaceae, Acalypha and the dry lowland 

elementt Zanthoxylon (only occurring at this time). Quercus disappeared as an important 

forestt element during the later part of Üiis period. During the last part of this time interval, 

CecropiaCecropia was dominant in the forest. The S/At is estimated at about 2400 m, pointing to 

temperaturess of about 0.5° to 1°C above modern values, but the climate was probably drier 

thann today. Although Cecropia is often seen as an indicator for disturbed forest, we assume 

thatt Cecropia reflects here the natural forest composition. This view is supported by the low 

frequencyy of herb vegetation. We assume that the sediment hiatus from 7.5 to about 2 C kyr 

B.P.B.P. is related to incision by the small stream into previously accumulated early and middle 

Holocenee sediments. 

Thee period of 1920 to 670 UC yr B.P. (zone PIA-4, 292.5 - 92.5 cm) 

Thee first organic rich sediments on top of the 2.5-cm-thick sand layer were dated to 3 

UCC yr B.P. indicating that the period of 7.5 to ca. 1.9 ,4C kyr B.P. is not represented in the 

sedimentt record. During the last 1.9 l4C kyr B.P. the vegetation was strongly affected by 

humann disturbance as indicated by pollen grains from crops like Zea mays, Phaseolus and 

Ipomoea.Ipomoea. Abundant Zea mays has been registered during the period 890 to 790 C yr B.P., 

indicatingg a cultural phase. The very low percentages of tree pollen indicate that since 1.9 C 

kyrr B.P. the area must have been deforested and changed into a cultural landscape. Therefore, 

thee natural vegetation cannot be inferred, preventing any conclusion about the climatic 

conditionss of the last 1.9 t4C kyr B.P. 
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Thee period of 670 UC yr B.P. to modern (zone PIA-5, 92.5 - 0 cm) 

Afterr 670 l4C yr B.P. there is no evidence of crop plants and the area of Piagua started to 

recoverr with secondary forest in which Melastomataceae and Cecropia are important. For the 

firstfirst time in this record, taxa characteristic of swampy conditions became abundant 

(Cyperaceaee and Typha) suggesting that open lake conditions changed into swamp conditions. 

Thiss is supported by the lithological column, showing dark brown organic rich sediments and 

Cyperaceouss rootlets since ca. 1.1 C kyr B.P. (175 cm core depth). 

5.66 Synthesis of environmental change from subandean forest belt sites; comparison of 

Popayann and Bogota latitudes 

Pollenn records from Genagra, Piagua. Timbio and Pitalito from the Popayan area are used for 

aa synthesis of vegetational and climatic change between 1300 and 1700 m. Records were 

graphedd along a linear time scale (Fig. 5.7.). The reconstructions are given for periods that 

followw from the chronology of these four pollen records. Climatic conditions in the Pitalito 

basinn are slightly warmer and drier than in Popayan, but the close distance and comparable 

settingg and elevation make a comparison useful. A summary of the temperature and 

vegetationall  shifts during the investigated periods is shown in Fig. 5.8. 

Periodd of >50-30 ,4C kyr B.P. 

Beforee 52 l4C kyr B.P. Bakker (1990) estimated a temperature some 1°C lower than today, 

inferredd from die altitudinal position of the upper montane forest belt in which taxa like 

Hedyosmum,Hedyosmum, Myrsine and Weinmannia were dominant. Glacial conditions have also been 

foundd in the Genagra record (Behling et al., 1998) for the time around 50 C kyr B.P. for 

whichh period the same forest taxa were registered. Between 52 and 45 C kyr B.P. Bakker 

(1990)) found forest taxa like Menisspermaceae, tlyeronima and Arecaceae that are indicative 

off  forest types at lower elevations. He inferred increasing temperatures to a level of about 4°-

2°CC lower than today. From 45 to 38 MC kyr B.P. Andean forest taxa increased again 

indicatingg that the S/At shifted to ca. 1500 m, pointing to more humid conditions and 

temperaturess of about 5°-6°C lower than today (we disagree with Bakker who inferred for this 

periodd a temperature drop of ca. 7°C). From 38 to 32 C kyr B.P., subandean forest taxa, like 

Myrtaceaee and Urticaceae, became more abundant indicating drier conditions at site Pitalito. 

Thee S/At is estimated at ca. 1400 m and temperatures 5°-6°C lower than today were inferred. 
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Pitalitoo Genagra Timbio Piagua 
cmm cm cm cm 

Fig.Fig. 5.7. Composite pollen record on a linear time scale of southern Colombian sites located 

inin the present subandean (- lower montane) forest belt. Ecological groups in core Genagra 

(1750(1750 m, Behling el al 1998). core Timbio (1750 m. Wille et al. 2000) and core Piagua 

(1700(1700 m. this paper) are shown in uniform legend units. Ecological groups recognised in 

corescores Pitalilo-2 (upper part) and Pitalito-11 (lower part) (1300 m, Bakker 1990) are slightly 

differentdifferent b\ lack of a possibility to recalculate the original data (Adapted after the original 

papers). papers). 
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Att site Lusitania.Quercus-dominated forest was found between 40 and 6 C kyr B.P. In 

contrastt to our study area, where Quercus is a common tree in the subandean and Andean 

forestt belts, in central and northern Colombia Quercus is most common in the Andean and 

high-Andeann forest belts. Thus, abundance of Quercus-dominated forest at 1500 m at site 

Lusitaniaa is indicative of lower temperatures than a similar situation in our study area when 

modernn ahitudinal distributions are used. We observe that during this period the altitudinal 

intervall  of 1500-1700 m in central and southern Colombia was characterised by different 

forestt types, but for both locations temperatures about 5°-7°C lower than today can be 

inferred. . 

Periodd of 30 to 23 14C kyr B.P. 

Betweenn 32 and 24 C kyr B.P., forest taxa like Hedyosmum. Myrsine and Weinmannia were 

dominantt at Pitalito. These taxa were also important in the oldest part of the Timbio record 

whichh is of the same age. These taxa represent a forest community that grows today at higher 

elevationn in the Andean forest belt under moist conditions. Bakker (1990) suggested for this 

periodd a temperature decline in Pitalito to some 8°C below present level, but we estimate the 

S/Att at an elevation of 1400 - 1300 m and infer a temperature drop of ca. 6 -7°C. Regarding 

thee difference in moisture this corresponds well to the inferred temperature drop of 

approximatelyy 6°C at site Timbio. Today this forest type grows only on moist slopes in the 

Pitalitoo area. It is likely that this forest community was distributed further downslope during 

thiss time interval due to different humidity. 

Periodd of 23 to 18 l 4CkyrB.P. 

Fromm 24 to 20 C kyr B.P., forests in the Pitalito basin were dominated by Quercus and 

WeinmanniaWeinmannia associated with Hedyosmum, Hyeronima, Ilex, and Myrtaceae A comparable 

forestt community grows nowadays at around 2600 m, so at about 1300 m higher elevation 

wheree temperature is 8°C lower. Around 19 C kyr B.P., in the area of Pitalito forest 

communitiess with Myrica and Weinmannia were dominant (Alnus was mainly a local element 

inn the depression); the present-day distribution is around 3000 m which indicates an ongoing 

trendd to very cold and dry conditions. For this period Bakker (1990) reconstructed for site 

Pitalitoo a temperature about 10°C lower than today, but we estimate the S/At at ca. 1300 m 

andd infer in Pitalito a maximum temperature of 6C-7°C below present level. 
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Betweenn 23.8 and 16.6 C kyr B.P. the Timbio record shows a forest made up of 

Weinmannia,Weinmannia, Melastomataceae, and Myrtaceae indicating first molster and later drier 

conditions;; the inferred temperature was about 5°-7°C cooler than today. 

Sitee Lusitania shows that Quercus was dominant during this period; therefore this site was 

locatedd in the Andean forest belt and temperatures of 5°-7°C lower than today have been 

inferred. . 

Periodd of 18 to 13 UC kyr B.P. 

Inn the older part of this period Timbio records forest taxa, such as Bocconia, Symplocos and 

LaplaceaLaplacea which grow under modem conditions near the upper forest limit . The Piagua record 

startss at approximately 15.5 l4C kyr B.P. and during this period also shows 'high Andean' 

taxa,, pointing to a downslope migration of the Andean forest belt of about 700 m. This is 

indicativee of a temperature depression of 4°-5°C compared to today. 

Fromm 14.2 to 13.1 ,4C kyr B.P., the Piagua record shows an upslope migration of the S/At 

fromm about 1500 to 1800 m pointing to temperatures of some 2D-3°C lower than today. This 

temperaturee increase corresponds to the 'Susaca interstadial' (Van der Hammen and Gonzalez 

1960),, Our estimation of its start corresponds to the age of 14 14C kyr B.P. reported by Van 

derr Hammen (1995). The Libano pollen record is not well dated but one radiocarbon date, 

markingg the fust interstadial of the Late Glacial period, provides an age of 13 0 C yr 

B.P.. During this time the area around the site was covered with Andean Quercus forest. 

Accordingg to Salomons (1986), the Andean forest belt at this time was located more than 500 

mm downslope compared to today. This is indicative of a temperature of at least 3°C lower than 

todayy and within the temperature range reconstructed from Piagua. 

Periodd of 13 to 9 1 4C kyr B.P. 

Thee period of 13.1 to 12.3 14C kyr B.P. is represented in cores Timbio (but possibly disturbed) 

andd Piagua. An increase in timberline shrubs and a decrease of lower montane tree taxa 

(Akhornea)(Akhornea) is indicative of cooler conditions which we interpret as reflecting the 'Ciega 

stadial'' (Van der Hammen 1995). As discussed in the previous section we are not confident to 

makee more precise statements about the forest composition as the number of unknown pollen 

typess in the Piagua record is relatively high; neither do we try to estimate the temperature 

depressionn during this stadial. The sediment sequence of site Lusitania shows a stratigraphical 

discontinuityy during this time which may suggest a hiatus. During Üiis period the Andean 
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forestt belt was almost absent in site Pedro Palo (Hooghiemstra and Van der Hammen 1993; 

Boometal.. 2001), also preventing an estimation of the temperature depression. 

Aroundd 12 C kyr B.P. the records of Piagua and Pedro Palo show a short warm interval 

indicatedd by abundant subandean forest taxa among which Acalypha, Cecropia and 

Moraceae/Urticaceaee are dominant. This period corresponds to the 'Guantiva interstadial' 

(Vann der Hammen and Gonzalez 1963), dated in high elevation pollen records from 12.5 to 11 

CC kyr B.P. We estimate the S/At at ca. 2100 m and infer a temperature of only 1°-2°C lower 

thann today at 1700 m. This period lasted til l 11 l4C kyr B.P. at site Pedro Palo, until 10,8 14C 

kyrr B.P. in core Fuquene-2 (Van Geel and Van der Hammen, 1973) and until 11 0 14C 

kyrr B.P. in core El Abra-B3 (Schreve-Brinkman 1978), whereas it ended in record Piagua at 

11.77 C kyr B.P. (see discussion) for this period. 

Thee warm 'Guantiva interstadial' is followed by another cold phase called the 'EI Abra stadial'. 

Althoughh the El Abra stadial lasted from 11 to 10 C kyr B.P. according to Van der Hammen 

andd Hooghiemstra (1995), it is likely that this cool period extended beyond the Late Glacial 

chronozonee (Mangerud et al., 1974) and continued into the beginning of the Holocene. In 

recordd Pedro Palo this period was dated from 11 to 10.15 C kyr B.P. and in the Piagua 

recordd from 11.7 to 9 C kyr B.P. Both records show during this cold period a downslope 

shiftt of the Andean forest belt. In the Piagua record the S/At dropped about 300 m and in 

recordd Pedro Palo the upper forest limit dropped about 500 m. This is equivalent to a 

temperaturee about 3°C lower than today at 1700 m but about 5°C lower than today at 2500-

30000 m (Van der Hammen and Hooghiemstra 1995) and suggests a reduced altitudinal 

extentionn of the Andean forest belt during this period. The period from 10.9 to 9 C kyr B.P. 

inn record Piagua is characterised by cool and dry conditions, suggesting the climatic 

conditionss during the El Abra stadial were in the beginning mainly cool and later mainly dry. 

AA similar change was also found by Van't Veer et al. (2000) in a re-evaluation of pollen 

recordss from the area of Bogota: he found dry climatic conditions during the period from 10.5 

too ca. 9 HC kyr B.P. 

Periodd of 9 to 4 l4C kyr B.P. 

Fromm 9 to 7.5 C kyr B.P. the Piagua site is surrounded by subandean forest, dominated by 

Moraceae/Urticaceaee and Acalypha. The pollen record of Pitalito shows a similar transition 

fromm cool Late Glacial to warm Holocene conditions. Around 7.3 UC kyr B.P. temperature 

wass probably comparable to present-day values. From 7.2 to 5 MC kyr B.P. the Pitalito and 
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Pedroo Palo records show that climate was about 1°C warmer, and more humid compared to 

today,, a value supported by the synthesis of mid and late Holocene Colombian biomes 

(Marchantt et al, submitted). 

Thee earliest record of Zea mays, which reflects human settlements and agriculture, is present 

att site Lusitania already before 5 14C kyr B.P. Around 5 ,4C kyr B.P. the Lusitania site shows 

ann important agricultural phase. At the Ubaqué site the earliest human impact was recognised 

3.55 l4C kyr B.P. (Berrio 1995). The first occurrence of Zea mays in the Pitalito basin has been 

registeredd at 4.3 ,4C kyr B.P. The first agricultural phase in the area of Popayan seems to 

occurr at about the same time. 

Periodd of 4 l4C kyr B.P. to recent 

Thee pollen records of Genagra, Piagua and Timbio start again around 2 C kyr B.P. and all 

reflectt a vegetation strongly affected by man as a result of deforestation and agriculture. The 

areaa of Popayan has been covered by secondary vegetation for at least 2000 years. After 670 
UCC yr B.P. the presence of crop plants diminished and site Piagua then shows abundant 

secondaryy forest, pointing to a significant reduction of human activity. Human impact 

decreasedd around 900 14C yr B.P. in the area of site Timbio, and around 780 UC yr B.P. in the 

areaa of site Genagra. There is evidence for agriculture in the Pitalito basin since around 450 
l4CyrB.P. . 

5.7.. Discussion and conclusions 

Thiss paper integrates evidence for the last 50 14C kyr B.P. from pollen records between 1300 

andd 2000 m elevation; the South Colombian sites do have the best time control and show most 

detail.. A general temperature record for 1700 m is shown in Fig. 5.8, After around 50 C kyr 

B.P.. temperature was relatively mild and at 1700 m about 3°C lower than today. Around 40 
l4CC kyr B.P. temperature was only slightly warmer than at the LGM. Between 40 and 32 C 

kyrr B.P. temperatures increased again and were about 5°-6 °C cooler than today. After 32 C 

kyrr B.P., temperatures at 1700 m gradually decreased and reached at the LGM values of about 

6°° to 7°C lower than today. These LGM values at 1700 m are less than the estimated LGM 

temperaturee drop of 80-9"C at 2500-3000 m (e.g. Van der Hammen and Gonzalez 1963; 

Hooghiemstraa 1984; Mommersteeg 1998; Van 't Veer and Hooghiemstra 2000), but higher 

thann the estimated LGM temperature drop of 4°-6DC at sea-level (e.g. Bush et al. 1990, 2001; 
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Stutee et al. 1995; Farrera et al. 1999) and substantiate a steeper glacial lapse rate. After the 

LGM.. temperatures continuously increased until about 14 14C kyr B.P. and reached an annual 

meann of about 15°C at 1700 m, about 3°C lower than today. From 14 to 9 ,4C kyr B.P. the 

lowerr montane forest belt shows altitudinal shifts that mainly reflect the well known Late 

Glaciall  temperature oscillations: the 'Susaca interstadial', 'Ciega stadial', 'Guanliva 

interstadial'' and 'EI Abra stadial' according to Colombian chronostratigraphy (Van der 

Hammenn 1995). The El 'Abra stadial', claimed by Van der Hammen and Hooghiemstra (1996) 

too be the equivalent of the Younger Dryas stadial of the North Atlantic area, shows 

temperaturess of about 3°C cooler than today. We recognise drier climatic conditions during 

thee second part of the El Abra stadial; such a wet to dry climatic transition has also been 

foundd in high Andean records near Bogota (Van 't Veer et al. 2000). Although some 45 

radiocarbonn dates are available for the sequence of climate oscillations during the Guantiva 

interstadial-Ell  Abra stadial-early Holocene (Van der Hammen and Hooghiemstra 1995), 

bracketingg radiocarbon dates are not available for Colombian records and precise dating of 

thee rapid climatic oscillations during the Late Glacial is still lacking. Discrepancies between 

recordss are due to linear interpolations of available radiocarbon ages. Additionally, lakes may 

losee previously accumulated sediments by river incisions during dry episodes with low lake-

levels.. We conclude that the Late Glacial climate oscillations, as known from high-elevation 

records,, are recognised in the subandean forest belt. The beginning of the Holocene, until 

aroundd 7 l4C kyr B.P., is characterised by a transition to warmer temperatures. From 7 to 5 

14CC kyr B.P. temperature was about 0.5°-l°C warmer than today. During the last 4.5 C kyr 

B.P.. pollen records at many places are affected by human activity (agriculture and 

deforestation,, see also Marchant et al. submitted), and are not suitable for infering natural 

environmentall  change. 

Althoughh changes in humidity are registered in our subandean pollen records with less 

temporall  resolution than in the records from higher elevation, we compare our results with the 

recordss of moisture reconstruction from site Fuquene-2 (Van Geel and Van der Hammen 

1973;; representing the last ca. 32 l4C kyr B.P.), and in particular site Fuquene-7 

(Mommersteegg 1998) that represents the total time range of the present paper. 
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Fig.Fig. 5.8. Top: estimated altitudinal shifts of the subandean/Andean forest belt 

transitiontransition (S/At) and inferred palaeotemperatures at 1700 m elevation (deviation 

toto modern values) during the last 50 '4C yr B.P. Temperature bars show values 

reconstructedreconstructed for time intervals discussed in the text. Bottom: Pollen records 

locatedlocated in the present subandean forest belt used in this synthesis: dotted lines 

showshow the time intervals represented by the cores, 'x' indicate the position of 

radiocarbonradiocarbon dates. '>'  indicate the position of finite radiocarbon dates (older than 

5050 '4C yr B.P). Vertical lines indicate the lime intervals duscussed in the text. LUS 

==  Lusitania. LIB = Libano. UBA = Ubaqué, PP = Pedro Palo, GEN = Genagra, 

TIMTIM = Timbio, PIA - Piagua, PIT = Pitalito. 

Mommersteegg calculated a 'dryness index' based on a summation of the normalised curves of 

Cyperaceae,, marsh and aquatic elements (Mommersteeg 1998. p. 54); in fact a high dryness 

indexx reflects low water level stands in lake Fuquene. Only relative changes of the curve of 
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thee dryness index are considered as, in general, cold climatic episodes have high lake level 

standss due to lower evaporation than under warmer climatic conditions. Between 45 and 38 

CC kyr B.P. inferred increasing humidity around 1700 m is supported by the dryness index of 

coree Fuquene-7. Drier conditions inferred from site Pitalito between 38 and 32 ,4C kyr B.P. 

aree also recorded in Fuquene. Between 32 and 24 C kyr B.P. the Popayan records, as well as 

thee Fuquene record, document increasing climatic humidity, changing in both areas to dry 

conditionss in the period of 24 to 20 C kyr B.P. around the LGM. Our mid-elevation pollen 

recordss are not conclusive for the period between 18 and 11 C kyr B.P., but dry conditions 

duringg the second part of the El Abra stadial (10.0 to ca. 9 14C kyr B.P.), and more humid 

conditionss during the period from 7.2 to 5 C kyr B.P. are supported by the dryness index of 

coree Fuquene-2. We conclude that changes in climatic humidity, as registered in two different 

areass (at Bogota and Popayan latitudes), and at two different elevations (around 2500-3000 m 

andd around 1300 to 2000 m), match well and appear representative for a larger area of 

Colombia.. A more thorough comparison between Colombian records of climatic humidity 

wil ll  be presented elsewhere. 

Martinn et al. (1997) postulated a mechanism to explain the antiphase in climatic moisture 

northh and south of the Amazon basin during the last 12 C kyr B.P. He showed that opposite 

trendss in the lake level histories of Lake Valencia (Venezuela) and Lake Titicaca (Bolivia) 

cann be explained by precession-forced shifts of the ITCZ. Indeed, frequency analysis of the 

Funza-ll  data set (Hooghiemstra et al. 1993), and analysis of core Fuquene-7 (Mommersteeg 

1998)) both showed the impact of the precession cycle of orbital forcing on changes in 

climaticc humidity. In the Funza-1 core cyclic change in humidity was reflected in cyclic 

changess of the width of the subparamo vegetation belt. In the Fuquene-7 core cyclic changes 

inn humidity were shown by the relation between maximum percentages of Alnus (indicating 

loww lake levels) and minima in the precession (Mommersteeg 1998. p. 36, 72). The present 

recordd of climatic moisture from mid-elevation Colombian sites, showing relatively dry 

conditionss around 10, 20, and 32 14C kyr B.P. is in harmony with the climatic moisture record 

observedd in Fuquene (Mommersteeg 1998), and possibly also in harmony to the record of 

Lakee Pata in northeastern Amazonia (Colinvaux et al, 1996) where some expansion of dry 

vegetationn elements, such as Gramineae and Borreria, can be noticed. 

Inn Fig. 5.9. we summarise the altitudinal distribution of main vegetation belts along a cross 

sectionn through the Colombian Andes at Popayan latitude for the present and the LGM. The 

plott for modern conditions shows a lapse rate of ca. 0.6°C/100 m. The plot for LGM 
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conditionss shows a calculated lapse rate of 0,76°C/100 m and strongly suggests a steeper 

temperaturee gradient than today's. The dry LGM atmosphere must be responsible for the 

higherr lapse rate. At this moment it is uncertain in what ways a steeper LGM lapse rate may 

affectt temperature reconstructions for neotropical mountains. When the LGM altitudinal 

positionn of the upper forest line has been inferred from a pollen diagram, application of a 

steeperr lapse rate results in a higher estimated temperature drop whereas the effect of a lower 

atmospheric/7CO22 has an opposite effect. Both variables are quantitatively poorly understood 

andd need further attention. 

4500--

4000 0 

Present-day y 
Lapsee rate p u 
0.6t/100 0 

lowlandd forest 

Reconstructedd P u 

Lapsee rate 
m m 

Fig.Fig. 5.9. Altitudinal distribution of main vegetation belts along a cross section through the 

volcanovolcano Purace in the Colombian Andes at Popayan latitude for lime slices at present-day 

(A)(A) and at the Last Glacial Maximum (B). Fig. 5.9A: modern altitudinal vegetation 

distributiondistribution (after Van der Hammen 1974), and measured modern mean annual 

temperaturestemperatures of 16 sites plotted against altitude. Fig. 5.9B: Last Glacial Maximum 

altitudinalaltitudinal vegetation distribution as summarised from sites Timbio and Pitalito (this study), 

andand the recontsructed mean annual LGM temperatures for 16 sites plotted against altitude. 

ModernModern conditions shows a lapse rate of ca. 0.6°C/100 m, whereas the reconstructed LGM 

lapselapse rate is 0.76°C/100 m. Sites: 1 = La Ciega (3510 m, Van der Hammen et al. 19890/81); 

22 = AI sac ia (M00 m. Me lief 1985); 3 a = TPN40 (2940 m, Salomons 1986). 3 b = TPN21 

(2940(2940 m. Salomons 1986); 4 a = Fuquene 2 (2580 m. Van Geel, Van der Hammen 1973), 4 b 

==  ElAbra (2570 m. Schreve-Brinkmann 1977), 4 c = CUX (ca. 2550 m. Van der Hammen, 

GonzalezGonzalez 1963); 5 = Merenberg (2500 m, Piiieros-Soler 1988); 6 - Otoho-Manizales Enea 

(2250(2250 m, Cleef et al. 1995); 7 = Pedro Palo (2000 m, Hooghiemstra, Van der Hammen 

1993);1993); 8 = Libano (1820 m, Salomons 1986); 9 = El Dorado (1500 m, Monsalve 1985); 10 

-- Pitalito (1300 m. Bakker 1990); 11 = Mera (1100 m, Liu, Colinvaux 1985); 12 = La 

YeguadaYeguada (650 m, Piperno el al. 1990); 13 a = Timbio (1750 m. Wille et al. 2000), 13 b = 

GenagraGenagra (Behling et al. 1998). 13 c = Piagua (this study). 

115 5 



Environmentall  change in the Colombian subandean forest belt 

Acknowledgements s 

Thee authors thank the Netherlands Organisation for Scientific Research (NWO; grant 

750.197.088 to H. Hooghiemstra) for financial support. E. Grüger (Universitat Göttingen) is 

thankedd for logistic support when the first author stayed in Göttingen. A. Cleef is thanked for 

manyy scientific discussions. We thank S. Metcalfe (Edinburgh) and H. Lamb (Aberysthwyth) 

forr constructive comment on an earlier draft. H.J, Beug and K.-B. Liu are thanked for their 

valuablee comments. A. Philip and E. Beglinger (Amsterdam) are acknowledged for preparing 

thee pollen samples. 

References s 

Bakkerr J (1990) Tectonic and climatic controls on the Late Quaternary sedimentary processes 

inn a neotectonic intramontane basin (The Pitalito Basin, South Colombia). PhD thesis. 

Agriculturall  University of Wageningen. The Quaternary of Colombia 16: 1-160. 

Behlingg H (1993) Untersuchungen zur spatpleistozanen und holozanen Vegetations- und 

Klimageschichtee der tropischen Küstenwalder und der Araucarienwalder in Santa Catarina 

(Südbrasilien).. Diss Bot 206: 1-149. 

Behlingg H, Negret AJ, Hooghiemstra H (1998) Late Quaternary vegetational and climatic 

changee in the Popayan region, southern Colombian Andes. J Quat Sci 13: 43-53. 

Berrioo JC (1995). Historia de clima y vegetación del Holocene medio y superior, a partir del 

registroo palinologico en la laguna de Ubaque, Cundinamarca. Unpublished master thesis, 

Universidadd de Javeriana, Bogota, Colombia. 

Boomm A, Cleef AM, Hooghiemstra H (2001) High altitude C4 grass ecosystems in the 

northernn Andes: relicts from glacial conditions. Rev Palaeobot Palynol. 

Bushh MB, Stute M, Ledm M-P, Behling H, Colinvaux PA, De Oliveira PE, Grimm EC, 

Hooghiemstraa H , Haberle S , Leyden BW, Salgado-Labouriau M-L, Webb R (2001) 

Paleotemperaturee estimates for the lowland Americas between 30°S and 30°N at the last 

glaciall  maximum. In: Markgraf V. (ed.). Inter-hemispheric climate linkages (present and 

pastt inter-hemispheric climate linkages in the Americas and their societal effects). 

Academicc Press, New York: p. 293-306. 

Bushh MB, Colinvaux PA, Wiemann MC, Piperno DR, Liu KB (1990) Late Pleistocene 

temperaturee depression and vegetation change in Ecuadorian Amazonia. Quat Res 34: 330-

345. . 

116 6 



Environmentall  change in the Colombian subandean forest belt 

Cleeff  AM, Noldus GW, Van der Hammen T (1995) Estudio palynologico del Pleniglacial 

Medioo de la seccion Rio Otono-Manizales Enea (Cordillera Central, Colombia). Studies on 

tropicall  Andean ecosystems 4: 441 -449. 

Colinvauxx P, De Oliveira PE, Moreno JE, Miller MC, Bush MB (1996) A long pollen record 

fromm lowland Amazonia: forest and cooling in glacial times. Science 274: 85-88 

Colinvauxx P, De Oliveira PE, Bush MB (2000) Amazzonian and neotropical plant 

communitiess on glacial time-scales: The failure of the aridity and refuge hypotheses. Quat 

Sc iRev l9:: 141-169. 

Cowlingg AS, Sykes MT (1999) Physiological significance of low atmospheric C 02 for plant-

climatee interactions. Quat Res 52: 237-242. 

Cowlingg AS, Sykes MT (2000) Reply to Williams et al. Quaternary Research 53: 405-406. 

Faegrii  K, Iversen J (1989) Textbook of pollen analysis (4th edition). John Wiley and Sons, 

Chichester. . 

Farreraa I, Harrison SP, Ramstein G, Guiot J, Bartlein PJ, Bonnefille R, Cramer W, Von 

Grafensteinn U, Holmgren K, Hooghiemstra H, Hoppe G, Jolly D, Lauritzen SE, Ono Y, 

Pinott S, Stute M, Yu G (1999) Tropical climates at the last glacial maximum: a new 

synthesiss of terrestrial palaeoclimate data. I. Vegetation , lake-level and geochemestry. 

ClimDynn 15:823-856. 

Florezz A (1986) Relacion altitudinal de la temperature del suelo y del aire en los Andes 

centraless de Colombia. Colombia Geografica 12, 5-38. 

Gneccoo C (1999) An archeological perspective of the Pleistocene/Holocene boundary in 

northernn South America. Quat Int 53/54: 3-9. 

Gneccoo C, Mora S (1997) Early occupations of the tropical forests of northern South America 

byy hunters-gatherers. Antiquity 71: 683-690. 

Grabandll  RAJ (1980) Pollen rain in relation to vegetation in the Colombian Cordillera 

Oriental.. Rev Palaeobot Palynol 29: 65-147. 

Graff  K (1992) Pollendiagramme aus den Anden. Eine Synthese zur Klimageschichte und 

Vegetationsentwicklungg seit der Letzten Eiszeit. Physische Geographic 34: 1-138. 

Herreraa LF, Urrego LE (1996) Pollen atlas of useful and cultivated plants in the Colombian 

Amazonn region. Estudios en la Amazonia Colombiana/Studies on the Colombian 

Amazoniaa 11: 1-462. 

Hooghiemstraa H (1984) Vegetational and climatic history of the high plain of Bogota, 

Colombia:: A continuous record of the last 3.5 million years. Diss Bot 79: 1-368. J. 

Cramer,, Vaduz. 

117 7 



Environmentall  change in the Colombian subandean forest belt 

Hooghiemstraa H, Cleef AM (1984) Development of vegetation and climatic sequence of the 

areaa of the high plain of Bogota. In: Hooghiemstra H (1984) Vegetadonal and climatic 

historyy of the high plain of Bogota, Colombia: A continuous record of the last 3.5 million 

years.. Diss Bot 79: 1-368. J. Cramer, Vaduz. 

Hooghiemstraa H, Van der Hammen T (1993) Late Quarternary vegetation and palaeoecology 

off  Laguna Pedro Palo (subandean forest belt, Eastern Cordillera, Colombia). Rev Palaeobot 

Palynoll  77: 235-262. 

IGACC (1977) Zonas de vida o formaciónes vegetales de Colombia. Memoria explicattva sobre 

ell  Mapa Ecológico. Instituto Geografico 'Agustin Codazzi', Bogota, Colombia, pp 1-238 (+ 

211 maps). 

LAPDD (1996) The Latin American Pollen Data Base Site Inventory. Paleoclimatology 

Publicationn Series No.4, 58 pp. www.ngdc.noaa.gov/paleo/lapdsite.html 

Liuu K-B, Colinvaux PA (1985) Forest changes in the Amazon basin during the Last Glacial 

Maximum.. Nature 318: 556-557. 

Mangerudd J, Andersen ST, Berglund BE, Donner JJ (1974) Quaternary stratigraphy of 

Norden.. a proposal for terminology and classification. Boreas 3: 109-128. 

Marchantt RA, Behling H, Berrio JC, Cleef AM, Duivenvoorden J, Hooghiemstra H, Kuhry P, 

Melieff  ABM,Van Geel B, Van der Hammen T, Van Reenen G, Will e M (submitted) Mid 

too Late Holocene pollen-based biome reconstructions for Colombia - a regional approach. 

Quatt Sci Rev. 

Martinn J, Bertaux J, Fournier M, Mourguiart P, Sifeddine A, Turcq B, Absy ML, Flexor J-M 

(1993)) Southern oscillation signal in South American palaeoclimatic data of the last 7000 

years.. Quat Res 39: 338-346. 

Martinn J, Bertaux J, Corrège T. Ledru M-P, Mourguiart P. Sifeddine A, Soubiès F, Wirrman 

D,, Suguio K, Turcq B (1997) Astronomical forcing of contrasting rainfall changes in 

tropicall  South America between 12,400 and 8800 cal yr B.P. Quat Res 47: 117-122. 

Martynn D (1992) Climates of the world. Developments in Atmospheric Sciences 18: 435 pp. 

Melieff  ABM (1985) Late Quaternary paleoecology of the Parque Nacional Natural los 

Nevadoss (Cordillera Central) and Sumapaz (Cordillera Oriental) areas. Colombia. PhD 

thesiss University of Amsterdam: 162 pp. 

Mommersteegg H (1998) Vegetation development and cyclic and abrupt climatic change 

duringg the Late Quaternary. PhD thesis, University of Amsterdam: 191 pp + appendices. 

Monsalvee JG (1985) A pollen core from the hacienda Lusitania. Pro Calima 4: 40-44. 

118 8 

http://www.ngdc.noaa.gov/paleo/lapdsite.html


Environmentall  change in the Colombian subandean forest belt 

Murill oo MT, Bless MJM (1974) Spores of recent Colombian pteridophyta. I, Trilete spores. 

Revv Palaeobot Palynol 18: 223-269. 

Murill oo MT, Bless MJM (1978) Spores of recent Colombian pteridophyta. II. Monolete 

spores.. Rev Palaeobot Palynol 25: 319-365. 

Pifieros-Solerr F (1988) Paleoecologia de los ultiraos 13,700 afios y cambios culturales 

prehispanicoss en la region de Merenberg, Valle de La Plata. Unpublished master thesis, 

Universidadd de los Andes, Depto. de Antropologia, Bogota: 95 pp. 

Pipernoo DR, Bush MB, Colinvaux PA (1990) Paleoenvironments and human occupation in 

Late-Glaciall  Panama. Quat Res 33: 108-116. 

Rangel-Ch.. JO (1991) Vegetación y ambiente en tres gradientes montanosos de Colombia. 

PhD.. thesis, University of Amsterdam: 349 pp. 

Roubikk DW, Moreno-P JE (1991) Pollen and spores of Barro Colorado Island. Monographs in 

Systematicc Botany. Missouri Botanical Gardens 36: 268 pp. 

Salomonss JB (1986) Paleoecology of volcanic soils in the Colombian Central Cordillera 

(Parquee Nacional Natural de los Nevados). Diss Bot 95: 1-212. 

Schreve-Brinkmann EJ (1978) A palynological study of the Upper Quaternary sequence in the 

Ell  Abra corridor and rock shelters (Colombia). Palaeogeogr Palaeoclimatol Palaeoecol 25: 

1-109. . 

Street-Perrottt FA (1994) Palaeo-perspectives: changes in terrestrial ecosystems. Ambio 23: 

37-43. . 

Street-Perrottt FA, Huang Y, Penott RA, Egltnton G, Barker P, Khelifa LB, Harkness DD, 

Olagoo DO (1997) Impact of lower atmospheric carbon dioxide on tropical mountain 

ecosystems.. Science 278: 1422-1426. 

Stutee M, Foster M, Frischkorn H, Serejo CP, Broecker WS, Bonnani G (1995) Cooling of 

tropicall  Brazil (5°C) during the Last Glacial Maximum. Science 269: 379-383. 

Thourett J-C (1983) La temperatura de los suelos: temperature establizada en profundidad y 

correlacioness termicas y pluviometricas. In: Van der Hammen T, Perez AP, Pinto P (eds) 

Studiess on tropical Andean ecosystems 1 (La Cordillera Central Colombiana, Transecto 

Parquee Los Nevados): 142-149. 3. Cramer, Vaduz. 

Thourett J-C, Van der Hammen T, Salomons B, Juvigné E (1997) Late Quaternary glacial 

stadess in the Cordillera Central, Colombia, based on glacial geomorphology, tephra-soil 

stratigraphy,, palynology, and radiocarbon dating. J Quat Sci 12: 347-369. 

Vann der Borg K, Alderliesten A, Harnton CM, De Jong AF, Van Zwol NA (1987) Accelerator 

masss spectrometry with 14C and 10Be in Utrecht. Nuclear Instruments Methods 29: 143-145. 

119 9 



Environmentall  change in the Colombian subandean Forest bell 

Vann Geel B, Van der Hammen T (1973) Upper Quaternary vegetational and climatic sequence 

off  the Fuquene area (Eastern Cordillera, Colombia). Palaeogeogr Palaeoclimatol 

Palaeoecoll  14: 9-92. 

Vann der Hammen T (1974) The Pleistocene changes of vegetation and climate in tropical 

Southh America. J Biogeogr 1: 3-26. 

Vann der Hammen T (1981) Glaciates y glaciaciones en el Cuatemario de Colombia: 

paleoecologiaa y estratigraffa. Revista CIAF (Bogota): 635-638. 

Vann der Hammen T (1995) La ultima glaciacion en Colombia (Glaciacion Cocuy; Fuquense). 

AnSlisiss GeograTicos 24: 69-89. 

Vann der Hammen T, Absy ML (1994) Amazonia during the last glacial. Palaeogeogr 

Palaeoclimatoll  Palaeoecol 109: 247-261. 

Vann der Hammen T, Gonzalez E (1960) Holocene and Late Glacial climate and vegetation of 

Paramoo de Palacio (Eastern Cordillera. Colombia, South America). Geol Mijnbouw 39 

(12):: 737-746. 

Vann der Hammen T, Gonzélez E (1963) Historia de clima y vegetación del Pleistoceno 

superiorr y del Holoceno de la Sabana de Bogota, Boletin Geoiógico (XI) 1-3: 189-266. 

Vann der Hammen T, Hooghiemstra H (1995) The EI Abra stadial, a Younger Dryas equivalent 

inn Colombia. Quat Sci Rev 14: 841-851. 

Vann 't Veer R, Islebe GA, Hooghiemstra H (2000) Assessment of climatic change during the 

Youngerr Dryas chron in northern South America. Quat Sci Rev 19: 1821-1835. 

Vann 't Veer R, Hooghiemstra H (2000) Montane forest evolution during the last 650,000 yr in 

Colombia:: a multivariate approach based on pollen record Funza-I. J Quat Sci 15: 329-

346. . 

Will ee M. Negret AJ, Hooghiemstra H (2000) Paleoenvironmental history of the Popayin area 

sincee 27,000 yr B.P. at Timbio. southern Colombia. Rev Palaeobot Patynol 109: 45-63. 

Williamss JW, Webb III T. Shurman BN. Bartlein PJ (2000) Do low C 02 concentrations affect 

pollen-basedd reconstructions of LGM climates? A response to 'Physiological significance 

off  low atmospheric C 02 for plant-climate interactions' by Cowling and Sykes. Quat Res 

53:: 402-404. 

Wittee HJL (1994) Present and past vegetation and climate in the Northern Andes (Cordillera 

Central,, Colombia): a quantitative approach. Ph.D. thesis University of Amsterdam: 269 

pp. . 

120 0 



Millenium-scalee dynamics of northern Amazonian rainforest-savanna boundary 

6 6 
Millennium-scalee dynamics of northern Amazonian rainforest-
savannaa boundary; evaluation of solar  forcing by wiggle match 

datingg of core Margarita s 

M.. Wille, H, Hooghiemstra, B. van Geel, H. Behling, A. de Jong, K. van der Borg 

Abstract t 

Wee present a 10-m-long sedimentary record from lake Las Margaritas, located at 290 m 

elevationn in the southwestern part of the Colombian Llanos Orientales at the transition zone 

fromm savanna to Amazon rain forest. Forty-two AMS radiocarbon dates provide time control 

forr the time interval from ca. 9200 cal BC - AD 1650. From ca. 9200 - 7150 cal BC, grass 

savannaa dominated the landscape and gallery forest along the drainage system was poorly 

developed.. Water availability must have been below the level of today and the length of the 

dryy season was longer than today. Between ca. 7150 and 5380 cal BC conditions became 

slightlyy wetter and the gallery forest could expand. Between ca. 5380 and 3480 cal BC, a shift 

fromm savanna to forest domination occurred with alternating abundance of both vegetation 

types.. Between ca. 3480 and 550 cal BC, precipitation was highest and forest dominated the 

studyy area. Expansion of Maurixia palms at ca. 550 cal BC and increasing contribution of 

savannaa between AD 0 and AD 1650 probably reflects increasing water availability and 

humann influence around the lake. The general development from savanna grassland to forest 

duringg the Holocene and its synchrony with a decreasing difference in seasonality suggests 

thatt the precessional cycle of the Earth might have played an important role in climate forcing 

off  the Llanos Orientales. For the time interval 4300 - 2100 cal BC a precise time control was 

obtainedd by l4C wiggle-match dating. A l4C fluctuations reflect changes of solar activity, 

whichh might be related to climate change. The results from i4C wiggle-match dating and a 

wiggle-matchh between pollen and the A I4C record do not unambiguously indicate that changes 

inn solar activity triggered changes of climate and vegetation at Las Margaritas. 

121 1 



Millenium-scalee dynamics of northern Amazonian rainforesl-savanna boundary 

Keyy words: Colombia, Llanos Orientates, palynology. savanna, paleoclimate. C wiggle-

matchh dating. Holocene 

6.1.. Introduction 

Thee history of the Colombian savanna ecosystem was up to recently poorly known and only 

basedd on pollen analysis of sediment core Agua Sucia (Wijmstra & van der Hammen, 1966). 

Recently,, a number of new cores were drilled in savanna lakes located on an east-west 

transectt in the savannas of the Llanos Orientates (fig. 6.1.). 

Fig.Fig. 6.1. Left: Distribution of mean annual isohyets and isotherms for the 

ColombianColombian Llanos Orientates (after IGAC. 1977). Pollen records mentioned in the 

texttext are indicated by stars. Right: Distribution of main vegetation types in the 

ColombianColombian Llanos Orientates (after Botero, 1999; Chaves and Arrango, 1998). Key 

toto the pollen sites: 1= Sardinas, 2= Angel, 3= Carimagua, 4= Carimagua Bosque, 

5== El Pinal, 6= Chenevo, 7= Mozambique, 8= Loma Linda, 9- Las Margaritas. 

10=10= Agua Sucia. 

Pollenn records from these lakes showed the vegetation history of this area, which responds 

mainlyy to climatic change. The most eastern locations are Sardinas and Angel (Behling & 

Hooghiemstra,, 1998). From the area of lake Carimagua sites El Pinal and Carimagua (Behling 

&&  Hooghiemstra. 1999). site Carimagua-Bosque (Berrio et al.. 2000), sites Chenevo and 

Mozambiquee (Berrio et al., 2002) were investigated. In the western savannas site Loma Linda 

wass studied (Behling & Hooghiemstra. 2000 b). In Behling & Hooghiemstra (2001 a) pollen 

recordss from savannas north and south of the neotropical rain forest area were compared and 

generall  conclusions presented. In Behling et al. (in prep.) the above mentioned savanna 
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recordss were re-examined; pollen spectra were analysed by DCA and a synthesis of the 

historyy of the savanna ecosystem since the Last Glacial Maximum <LGM) was presented. 

Inn a savanna ecosystem changes to increased precipitation and a relatively short duration of 

thee dry season cause expansion of wooded savanna, forest, and gallery forest along the 

drainagee system. The pollen record of Loma Linda is located close to the transitional zone 

fromm savanna to rain forest, and shows an alternation between forest and open savanna 

vegetationn during the last 8700 14C yr BP with a temporal resolution of ca. 125-years. A core 

fromm a second site in this transition zone, collected in lake Las Margarites, was analysed with 

evenn higher resolution to provide a record of vegetational and climatic history of the savanna. 

Thiss core was also selected to apply 14C wiggle-match dating (WMD) with the objective to 

evaluatee observed Holocene changes in climatic moisture. Martin et a). (1997) showed an 

antiphasee in the water level between Lake Titicaca (Bolivia) and Lake Valencia (Venezuela). 

Duee to the present orbital parameters (Berger and Loutre, 1991) of the Earth (farthest distance 

too the sun in June and closest in December), Martin et al. (1997) inferred that the northern 

Hemispheree today receives relatively small seasonal differences, as summers are relatively 

cooll  and winters are relatively warm. In contrast, around 9000 cal BC (11,000 cal BP) orbital 

parameterss of the Earth were the opposite, resulting in a strong seasonal shift with relatively 

warmm summers and relatively cool winters. Another factor that might influence the 

precipitationn regime in the Llanos Orientales is probably the migration of the intertropical 

convergencee zone (ITCZ). The ITCZ brings most of the precipitation to the area and moves 

throughoutt the year between ca. 10°N and 20°S. At 9000 cal BC (11,000 cal BP) the ITCZ 

wass weaker and located farther north compared to today (Martin et al„  1997). In this paper 

wee aim to evaluate to what degree Holocene millennium-scale changes in climatic moisture, 

basedd on records from Las Margaritas and Loma Linda, are synchronous with this precession-

forcedd seasonality changes and migration of the ITCZ. 

Ourr second aim is to evaluate the hypothesis that changes in A !4C, related to solar forcing of 

climatee change, have a causal relationship with Holocene climatic change (Van Geel et al„ 

2000)) and caused in our study area a change in the balance between forest and savanna. 

Thereforee we selected a Holocene interval in which the 14C calibration curve shows 

significantt and characteristic oscillations (wiggles). The interval from 4300 to 2100 cal BC 

meetss these requirements, because this core interval shows significant vegetation change and 

thee sediments contain a reasonable amount of datable macro-remains. 
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6.2.. Wiggle match dating and assessment of solar  impact on climate change 

Changingg solar activity might have caused significant changes in precipitation which might 

explainn in our study area the competition between wet forest, wooded savanna, and dry 

herbaceouss savanna. In the next section we explain the mechanism used in this hypothesis. 

Variationss in the solar activity induce changes in the interplanetary magnetic field and 

thereforee in the screening of the earth against cosmic ray particles. Therefore, the intensity of 

cosmicc ray particles, that enter the stratosphere, varies in time and the changing natural 

productionn of C result in temporal variations in the atmospheric radiocarbon content: the so-

calledd A I4C variations, (de Jong and Mook, 1980) 

Changingg solar activity causes changes in cosmic ray intensity and are responsible for 

fluctuationss in the atmospheric radiocarbon content (A I4C; Stuiver and Braziunas, 1989; Bard 

ett al„  1997). Magny (1993) and van Geel et al. (1996, 1998, 2000) showed that periods of 

cooll  and wet climate in the temperate climatic zones correspond to phases of increasing and 

highh values of A ,4C. They emphasised the existence of a link between changing solar activity 

andd climate change (compare Denton and Karlén, 1973). The radiocarbon calibration curve 

(Stuiverr and van der Plicht, 1998) is based on series of  l4C dates of dendrochronologically 

datedd tree rings. This calibration curve shows irregular fluctuations, which are called wiggles 

(dee Jong et al„  1979). Plateaux in these wiggles are notorious as they severely limi t the 

possibilitiess for fine-resolution radiocarbon dating as they are responsible for a wide range of 

plausiblee ages after calibration. This is problematic in paleoclimatological studies, especially 

whenn a precise comparison between different proxies on a linear calendar time scale is 

needed.. Van Geel and Mook (1989) stressed that a 14C wiggle-match dating strategy (WMD) 

off  organic deposits can provide a precise core chronology. This dating strategy includes 

matchingg of a high-resolution sequence of uncalibrated l4C dates to the dendro-calibration 

curve.. Apart from improved chronological control, WMD can also reveal relationships 

betweenn variations in atmospheric C and short-term climatic fluctuations caused by solar 

variationss (van Geel and Mook, 1989). 

WMDD was first applied to northwest European peat deposits dating back from the Subboreal-

Subatlanticc transition (Kilian et al., 1995). This transition occurred around 850 cal BC and 

representss in the northern and southern hemisphere temperate climatic belts a sudden and 

strongg shift from relatively dry and warm climatic conditions, to humid and cold conditions. 

Lowestt temperatures are found at the onset of this change (van Geel et al., 1996, 1998, 2000; 
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Speranzaa et al., 2000 a). WMD revealed that this climate change coincided with a temporary 

sharpp rise of the atmospheric l4C content. This increase is caused by a sudden decline of solar 

activity,, i.e. a decline of solar wind permitting more cosmic rays to penetrate into the 

atmospheree causing a higher production of the cosmogenic isotope C. 

Fromm the African equatorial rain forest belt and from western India we know a strong climatic 

shiftt to drier conditions occurred around 850 cal BC. It was hypothesised that a weakening of 

thee summer monsoon was the main mechanism behind this change (van Geel and Renssen, 

1998;; van Geel et al., 2001). Van Geel and Renssen (1998) gave a possible 

paleoclimatologicall  explanation for the dry-to-wet transition in the temperate zones and a 

contemporaneouss wet-to-dry transition in the tropics, reflecting a climatic teleconnecdon. 

Haighh (1994. 1996) performed a climate model experiment relevant to this hypothesis. In the 

simulation,, a solar UV induced increase of ozone led to a warming of the lower stratosphere 

byy the absorption of more sunlight. The stratospheric winds were strengthened and the 

troposphericc westerlies (jet streams) displaced pole ward. Since the latitudinal position of 

thesee jet streams determine the latitudinal extent of the Hadley Ceils, this pole ward shift 

resultedd in a similar displacement of the descending parts of these cells, and a strengthening 

off  the monsoon system in both hemispheres would follow. Such a mechanism, in which solar 

UV,, ozone content, and atmospheric circulation are linked, might explain the drier conditions 

recordedd in the African and Indian tropics around 850 cal BC as a consequence of a decline of 

solarr activity. This mechanism, which may have amplified small changes in solar activity, 

mightt also have played a role in Holocene climatic changes in the American tropics. There, a 

latitudinall  extension and contraction of the Hadley Cell, and a related change in the intensity 

off  the rain-transporting northeast trade winds, potentially may explain the competition 

betweenn wet forest and savanna. In this paper we aim to assess this relationship. In order to 

evaluatee if vegetation changes are related to changes in solar forcing, we linked for the first 

timee in the neotropics the A l4C record directly to the pollen record with the method of C 

wigglee matching. We used the core interval of 500-365 cm (4300-2100 cal BC) as we 

observedd in this time interval large l4C fluctuations in the A ,4C record, a significant 

competitionn between forest and savanna, and sufficient macro-fossils in the core sediments to 

arrivee at a fair number of uncalibrated l4C ages. We hypothesised that changes in solar 

activity,, inferred from the A I4C record, coincide with changes of climate and vegetation. In 

particularr we expect that during periods with positive AUC values (low solar activity, narrow 
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Hadlcyy Cell, weak monsoon, dry climate) savanna vegetation dominates over forest (van Geel 

andd Renssen. 1998). 

6.3.. Environmental setting 

Lakee Las Margaritas (3°23'N, 73°26'W) is located in the Meta province at an elevation of 290 

m.. The Eastern Cordillera rises ca. 75 km to the west. The city of Villavicencio is located ca. 

1000 km to the northwest. The lake is 400-600 m wide, some 2 km long, and water depth is 1 -

1,55 m. Lake Margaritas is situated in the northern part of the catchment area of Ariari River, 

abandonedd meander. Today the lake is completely isolated from the river, in a landscape with 

softt rolling hills (Fig. 6.2.). 

Fig.Fig. 6.2. Photograph of Laguna Las Margaritas. 

6.3.16.3.1 Vegetation 

Thee lake lies in an open savanna with trees mainly concentrated in the low areas that form the 

drainagee system. Thus, gallery forest occurs throughout the area, whereas the present-day area 

withh wet evergreen rain forest starts at some 80 km in a southern direction. Due to soil 

conditionss (well drained, nutrient poor), human impact but mainly due to water availability and 

firee frequency, hilltops are often covered with treeless savanna (Gillon. 1983; Hopkins. 1992). 

126 6 



Millenium-scalee dynamics of northern Amazonian rainforest-savanna boundary 

Inn depressions, or along the drainage system, gallery forest from 10 to 25 m tall is common. 

Moree to the northeast water availability is lower. These conditions are reflected in small-

diameterr trunks, smaller trees and lower species richness. Vegetation studies on Colombian rain 

forestt were published by Duivenvoorden and Lips (1995) and Urrego (1997). An extensive 

studyy on the geomorphology, climate and vegetation of the West Colombian lowlands between 

Venezuelaa and Brazil was published by Botero (1999). The floristic composition of the 

vegetationn of the Llanos Orientales was studied by Blydenstein (1967); vegetation ecological 

aspectss were studied by Sarmiento (1984) and Chaves and Arrango (1998). 

Thee actual vegetation in the area of lake Las Margaritas is degraded due to human impact. The 

hilltopss are covered with grass (most important taxa: Paspalum, Bulbostylis). Gallery forest is 

dominatedd by taxa belonging to the Burseraceae and Moraceae (Botero, 1999). Areas around 

thee lake with stagnant water are partly covered with stands of Mauritia palm swamp forest 

(locallyy named 'mondial'). At various places open grassland reach the lake shore. Aquatics, 

mainlyy Cyperaceae, Ludwigia and Sagittaria grow in a narrow zone around the lake. 

6.3.26.3.2 Climate 

Climatee of the Llanos Orientales is strongly seasonal. Around 90% of the precipitation falls 

duringg the rainy season in the middle of die year. The dry season is longest in Puerto Carreno, 

nearr the Venezuelan border, and lasts from December to May. Here, the dry season is more 

intensee than at site Margaritas, where it lasts some three to four months. The seasonal climate is 

causedd by the annual migration of the ITCZ. Total annual precipitation varies from ca. 1500 

mmm in Puerto Carefio to ca. 2500 mm near lake Margaritas. The transition to rain forest, near 

Sann José del Guaviare, receives some 3000 mm per annum and the dry season lasts between 0 

too 2 months The savannas near the foot of the Andes receive >3000 mm per annum. The mean 

annuall  temperature at Margaritas is around 26 °C. 

6.4.. Methods 

6.4,16.4,1 Core recovery and pollen analysis 

Thee 10-m long sediment core was drilled with a modified Livingstone corer in the centre of 

thee lake, using a floating platform. Compact sandy sediments below 10 m prevented further 

sedimentt recovery. Sediments were collected in 1 m sections in aluminium tubes and 
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transportedd to Amsterdam, in the laboratory the core was stored under cold (4°C) arid dark 

conditions.. For pollen analysis samples of 0.5 cm were taken at 5 cm intervals along the 

core.. In the section from 500 to 335 cm, selected for WMD, additional samples were taken to 

increasee temporal resolution. In total, 220 pollen samples were treated with sodium 

pyrophosphate,, acetolysis and heavy liquid separation with bromoform (Faegri and Iversen, 

1989).. A tablet of exotic Lycopodium spores was added to each sample to calculate pollen 

concentrationn values. Up to 300 pollen grains were counted, grains from taxa representing 

aquaticc and lake shore vegetation were not included. The samples at 1000 cm and in the 

intervall  from 980 to 940 cm contained no pollen. In total, 132 different fossil pollen and spore 

typess were recognised. For pollen and spore identification the following literature was used: 

Graff  (1992), Herrera and Urrego (1996). Hooghiemstra (1984), Murill o and Bless (1974, 

1978),, Roubik and Moreno (1991), and the reference collection of modern pollen and spores 

off  the Hugo de Vries Laboratory. For calculation and presentation of the data, TILLA , 

T1LIAGRAPHH and CONISS software were used. Taxa have been arranged into five 

ecologicall  groups of which the composition is similar to previous papers on savanna cores: 

(1)) forest and gallery forest shrubs and trees, (2) savanna shrubs and trees, (3) savanna herbs, 

(4)) aquatics and (5) ferns. Taxa belonging to groups 1 to 3 are included in the pollen sum as 

thesee vegetation types compete with each other depending upon climatic conditions. The 

recordss of the most important taxa are shown in a pollen percentage diagram. Carbonised 

particless >10 urn were quantified in the pollen slides in relation to the pollen sum. Loss on 

ignitionn (LOI) samples were taken at 10 cm distance along die core between 1000 and 400 

cm,, and at 5 cm distance in the upper 400 cm. The analysis was carried out after Speranza et 

al.. (2000 b). 

6.4.26.4.2 Time control 

Al ll  KC samples were pretreated and AMS dated at the Van de Graaf f Laboratory of the 

Universityy of Utrecht (van der Borg et al., 1987). Initial time control of the sediment core was 

basedd on 11 bulk samples of ca. 0.5 cm collected at depths where significant changes in the 

pollenn record and/or in the sediment column occurred. The C ages of the bulk samples were 

calibratedd with the Cal25 software (van der Plicht, 1993) and fixed after visual inspection of 

thee probability distributions (2a) along the dendro-calibration curve INTCAL98 (Stuiver and 

vann der Plicht, 1998). We fixed the calibrated dates at highest probability values and as close 

ass possible to die middle value of the probability distribution profile. Due to this procedure no 
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standardd deviation or time intervals are given for the calibrated ages. The C ages of bulk 

sampless were not included in the WMD analysis as bulk samples may include organic carbon 

fromm different sources and are, as a consequence, not comparable with C ages derived from 

roots,, leaves and seeds. For WMD, roots, leaves and seeds were collected between 485 and 

3355 cm core depth at 3 cm intervals. From this collection of macroremain fractions, material 

wass selected for AMS 14C dating. We preferred to use seeds, but in levels 335, 362, 366, 

369/371,, 444 seeds were absent, or not enough seeds were available. For these levels we dated 

aa mixed sample of seeds and leaves, or seeds and roots. Seed and leaf fractions potentially 

mayy provide different ages; therefore we dated both fractions separately at 407 and 413 cm 

coree depth. For WMD we used the Cal25 program (van der Plicht, 1993). 

6.5.. Results 

6.5.!6.5.! Stratigraphy 

Thee stratigraphy of the sediment sequence is summarised as follows: 

00 - 45 cm brown to grey-brown fine detritus mud 

455 - 208 cm brown peaty deposits with many plant remains 

2088 - 385 cm brown peaty deposits with light grey clay, between 352 and 362 clay content 

higher r 

3855 - 437 cm dark brown peaty deposits 

4377 - 439 cm yellow sand 

4399 - 626 cm dark brown peaty deposits 

6266 - 932 cm light grey clay with plant remains 

9322 - 990 cm yellow sand with gray clay and few plant remains 

9900 - 1000 cm compact yellow sand 

6.5.26.5.2 Time control and pollen zonation 

Too provide the most precise chronology we included the results of WMD into the calculation 

procedure.. In paragraph 6.6. we give more details about which dates were considered for 

WMD. . 
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U t C No o 

Tab.Tab. 6.1. Ages of 11 AMS C bulk samples from core Las Margaritas. 

Depth h 
(cm) ) 

X y r B P P 

100400 16 854 6 

100411 51 1843 4 

100422 81 1902 + 39 

54766 ÏÖ0 3127 6 

100433 204 3043 6 

49566 300 3789 6 

100444 396 4390 2 

54777 500 5396  49 

49577 592 5998 1 

54788 800 8760 0 

-28.0 0 

-27.9 9 

-29.9 9 

-27.4 4 

-29.1 1 

-25.8 8 

-23.1 1 

-22.8 8 

call  AD/cal BC 
(22 a) 

ADD 1043 - AD 
1089 9 

ADD 1119-AD 
1139 9 

ADD 1155-AD 
1263 3 

ADD 83 - AD 105 
ADD 115-AD 243 
ADD 309-AD 313 

14055 BC- 1255 BC 
12433 BC- 1213 BC 
1199BC-- 1193BC 
1173BC-- 1169BC 
1139BC-_n33 j lC C 
23955 BC 
23377 BC 
23111 BC 
20799 BC 

23877 BC 
23211 BC 
21355 BC 
20633 BC 

20555 BC - 2049 BC 
33055 BC - 3297 BC 
32811 BC-3275BC 
32677 BC - 3239 BC 
31699 BC-3161 BC 
31011 BC - 2901 BC 
43399 BC-4219 BC 
41999 BC-4159 BC 
41499 BC-4141 BC 
41255 BC-4105 BC 
41011 BC-4049BC 
49899 BC - 4975 BC 
49599 BC - 4779 BC 
47455 BC - 4741 BC 
81955 BC- 8189 BC 
81611 BC- 8131 BC 
81155 BC - 8111 BC 
80811 BC-8071 BC 
80599 BC - 8047 BC 
79699 BC - 7603 BC 

Datess used in 
Chronology y 
(call  BC/cal 

AD) ) 
ADD 1190 

ADD 175 

-27.7 7 

-26.2 2 

ADD 25 
ADD 4 7-

14955 BC 
14599 BC 
13611 BC 
12633 BC 

-- AD 43 
ADD 219 
14755 BC 
13677 BC 
13155 BC 
12677 BC 

ADD 100 

14100 BC 
(omitted) ) 

13000 BC 

22000 BC 

32500 BC 
(omitted) ) 

42500 BC 

48800 BC 

78255 BC 
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Tab.. 6.1. (continued) 
4958 8 1000 0 97600  60 -22.4 4 93077 BC - 9293 BC 

92877 BC-9137BC 
91299 BC-9125 BC 
89899 BC - 8937 BC 
89311 BC-8921 BC 

92400 BC 

Inn total 28 AMS dates of selected plant remains, and 9 AMS dates from bulk samples were 

consideredd for time control of the sediment core (Tables 6.1. and 6.2.). The almost linear 

sedimentationn rate (Fig. 6.3.) strongly suggests that the record is continuous. The age at 100 
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Fig.Fig. 6.3. Depth versus age graph showing the sediment accumulation rate of 

corecore Las Margaritas. Open circles show bulk AMS '4C ages with standard 

deviation.deviation. Solid symbols show AMS l4C ages from selected macrofossils. Bulk 

datedate in bracket was omitted from the chronology calculation. 

cmm core depth represents an outlier and sediments probably included old carbon; this age was 

nott used for the chronology. The bulk l4C date at 396 cm core depth deviates from the age 

obtainedd from WMD and we considered the bulk date as inadequate. Finally, we calculated 

thee chronology of core Las Margaritas on 37 '4C ages, and we conclude the core represents 

thee last ca. 11.200 l4C years. The top of the core has an extrapolated age of AD 1650 and we 

concludee that the last 300 years are not represented in the record. Cluster analysis of the 

terrestriall  pollen taxa, in combination with visual inspection of the pollen diagram, showed 

thatt 6 major pollen zones can be recognised (LM-1 to LM-6). 
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Tab.Tab. 6.2. Ages of31 AMS C macrofossil samples from 300-500 cm core interval 

ofof site Las Margaritas used in the wiggle match procedure (see text). The sample 

fractionfraction dated is specified. The 'WMD cal BC' age shows the best possible age 

obtainedobtained after matching the reconstructed Al4C record with the standard Ai4C 

recordrecord from tree rings. 
UtC C 
No o 

10262 2 

10263 3 

10465 5 

10535 5 

10466 6 

10536 6 

10537 7 
10655 5 

10264 4 

10265 5 

10656 6 

10266 6 

10267 7 

Depth h 
(cm) ) 

335 5 

362 2 

365" " 

366 6 

369/371 1 

374 4 

402 2 
405 5 

407 7 

407 7 

4077 av, 
410 0 

413 3 

413 3 

Sample e 
fraction n 

roots/ / 
seeds s 
roots/ / 
leaves s 
leaves s 

seeds/ / 
leaves s 
seeds/ / 
leaves s 
leaves s 

seeds s 
seeds s 

seeds s 

leaves s 

seeds s 

seeds s 

leaves s 

A I3C C 

-26.9 9 

-27.1 1 

-30.0 0 

-30.1 1 

-28.0 0 

-30.7 7 

-27.3 3 
-27.2 2 

-24.8 8 

-30.4 4 

-27.7 7 

-74.9 9 

-31.9 9 

l4CC yr BP 

39877 7 

39888  38 

40300  70 

39200  60 

40800 0 

40500  50 

45300  70 
46099  46 

46022  44 

44799 1 

4540.11 5 
44600  60 

1 1 

46288  39 

call  BC (2c) 

2565-2519 9 
24977 - 2465 
2566-2518 8 
24988 - 2465 
28244 - 2824 
26566 - 2652 
26211 2605 
26022 - 2467 
2471-2303 3 

28799 - 2461 

28244 - 2824 
26566 - 2652 
26211 - 2605 
26022 - 2602 
33622 - 3096 
34955 - 3464 
3374-3351 1 
34922 - 3467 
33722 - 3349 
33377 - 3209 
31911 -3150 
3137-3085 5 
30599 - 3036 

33344 - 3209 
31911 -3151 
3137-3019 9 
33533 - 3305 
32988 - 3278 
32711 -3263 
3237-3167 7 
3162-3100 0 
34988 - 3457 
33766 - 3359 

approx. . 
date e 
after r 

WMD D 
(cal l 
BC) ) 

omitted d 

omitted d 

2355 5 

2400 0 

2497 7 

2558 8 

3120 0 
3145 5 

3155 5 
3165 5 
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Tab.. 6.2. 

10268 8 

10538 8 

10539 9 

10540 0 
10467 7 

10657 7 

10543 3 

10269 9 

10658 8 
10270 0 

10659 9 

10660 0 
10544 4 

10682 2 

10545 5 

10546 6 
10683 3 

10271 1 

(continued) ) 
4133 av." 

417 7 

420 0 

423 3 

427~ ~ 
431 1 

441 1 

443 3 

444 4 

455 5 
457 7 

460 0 

463 3 
469 9 

470 0 

473 3 

476 6 
482 2 

485 5 

seeds s 

seeds s 

seeds s 

seeds s 
leaves s 

seeds s 

seeds s 

seeds/ / 
roots s 

seeds s 
seeds s 

seeds s 

seeds s 
seeds s 

seeds s 

seeds s 

seeds s 
seeds s 

seeds s 

-26.9 9 

-28.9 9 

-28.2 2 

-28.0 0 
-30.0 0 

^28^0 0 

-28.0 0 

-29.2" " 

-28.(T T 
-24.2 2 

-26,2 2 

-28.0 0 
-27.1 1 

-27.0 0 

-28.4 4 

-28.4 4 
-26.9 9 

-28.1 1 

4576.55  40 
46288 0 

45500  70 

45500  50 

45100 0 
45200  240 

43100 0 

48400  6~Ö 

44755  39 

4730+130 0 
50200  60 

48900  90 

47300 0 
51800 0 

51400 + 50 

50400  60 

50700 0 
52044  45 

51033 0 

34988 - 3456 
33766 - 3358 
33677 - 3262 
32399 - 3165 
3163-3100 0 
33633 - 3326 
3222-3172 2 
3158-3118 8 
3106-3103 3 
33544 - 3094 
36277 - 3581 
35355 - 2892 
3262-3238 8 
3166-3163 3 
3100-2855 5 
28133 - 2694 
26922 - 2679 
3659-3631 1 
35577 - 3538 
3332-3211 1 
3188-3153 3 
3134-3084 4 
30600 - 3033 
36466 - 3362 
39399 - 3855 
38477 - 3843 
38177 - 3709 
3763-3717 7 
3713-3635 5 
35488 - 3542 
36466 - 3362 
4038-4017 7 
40000 - 3956 
4040-4014 4 
40022 - 3887 
38822 - 3795 
39433 - 3761 
3718-3713 3 
39599 - 3784 
4040-4014 4 
40022 - 3966 
3962-3931 1 
3921-3913 3 
38766 - 3803 

3180 0 
3205 5 

3235 5 

3265 5 

3291 1 
3325 5 

3368 8 

3385 5 

omitted d 

3496 6 
3545 5 

3575 5 

3615 5 
3835 5 

3855 5 

3885 5 

3905 5 
3973 3 

4025 5 
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6.5.36.5.3 Description of the pollen diagram 

Thee pollen zones are shown in the pollen percentage diagram (Fig. 6.4., appendix) and in the 

cumulativee diagram (Fig. 6.5., appendix) and can be characterised as follows: 

Pollenn zone LM-1 (990-752.5 cm, 11,190 - 8130 ,4C yr BP, 9200-7150 cal BC, 40 samples) 

iss characterised by a high representation of Poaceae (60-80%). Arboreal taxa are mainly 

representedd by Dldymopanax 5%, Mauritia (1-10%) and Moraceae/Urticaceae (1-8%). 

Carbonisedd particles are abundant (7xl06 fragments/cm3) in the middle of the zone; LOI is 5-

12%.. This pollen zone has two l4C bulk dates. 

Inn pollen zone LM-2 (752.5-627.5 cm, 8130-6470 i4C yr BP, 7150-5380 cal BC, 25 

samples),, Poaceae are still dominating although values decrease to ca. 60%. Arboreal pollen 

values,, mainly Moraceae/Urticaceae, increase from 5% to 12%. The zone starts with high 

valuess of Mauritia (6%) but values decrease to 1% at the top. Aquatic taxa are mainly 

representedd by Cyperaceae (5-15%) and Sagittaria-Echinodorus type (5-7%). LOI 

percentagess are similar to values in the previous zone. The amount of carbonised particles 

decreasess to ca. 2x10' fragments/cm , This zone has no radiocarbon time control. 

Inn the beginning of pollen zone LM-3 (627.5-451.5 cm. 6470-4630 l4C yr BP. 5380-3480 cal 

BC,, 37 samples) sediments change from clay to peat. This transition is also reflected in the 

pollenn spectra. Arboreal taxa, a.o. Moraceae/Urticaceae, increase to 10-25%. Mauritia 

reachess ca. 6% in the middle of the zone and decreases to 0% at the top. Hedyosmum (1-6%) 

occurss for the first time. Stable Poaceae values attain 60-70%. Aquatic taxa are relatively 

abundant:: Sagiuaria/Echinodorus (10-80%), Ludwigia (5-20%), and Cyperaceae decrease 

fromm 45% to 5%. Abundance of carbonised particles remain between 5x10 and 1x10 

fragments/cm3.. LOI percentages are 37% at the bottom, decrease to 10% in the middle part of 

thee zone, and increase to 32% near the top. This zone contains two 14C bulk dates and nine 

datess on macroremains. 

Inn pollen zone LM-4 (451.5-352.5 cm, 4630-3870 l4C yr BP, 3480-2320 cal BC, 41 samples) 

thee frequent oscillations in the pollen profiles continue, bul intervals dominated by herbs 

becomee shorter and arboreal pollen percentages increase to 10-90%. Moraceae/Urticaceae 

(10-25%)) are most important. In the first part of the zone Arecaceae (30-50%) and Cecropia 
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(5-10%)) co-dominate. The pollen spectrum is more diverse between ca. 360 and 362.5 cm: 

MouritiaMouritia (10-30%), Hedyosmum (15-30%), Leguminosae-1 (5-10%), Alchomea (5%), 

DotiocarpusDotiocarpus (3%) and Didimopanax (5-10%) are the main constituents. Poaceae decrease 

fromm ca. 60% to ca. 10% at the top of the zone. Aquatic taxa reach 50-100%, but also 

decreasee at the top of the zone. Sagittaria-Echinodorus type decreases from 50% to 1% and 

Cyperaceaee from 10% to 1%. The clay content of the peaty deposits between 362 and 352 cm 

iss higher and this interval shows a higher pollen diversity. The number of carbonised particles 

iss ca. 2x10s fragments/cm3 at the bottom and the top of the zone, and ca. 2x10 fragments/cm 

inn the middle part. LOI percentages decrease from 30% to 15%. In this pollen zone 16 

sampless from macroremains were dated. 

Pollenn zone LM-5 (352.5-137.5 cm, 3870-2490 l4C yr BP. 2320-550 cal BC, 42 samples) 

arboreall  pollen reach highest abundance, but interrupted three times by short periods with 

abundantt herbaceous pollen. Aquatic pollen are rare. Arboreal pollen peaks at 300-280 cm, 

250-2055 cm, and 190-137.5 cm and coincides with high values of Moraceae/Urticaceae (10-

30%)) and low values of Poaceae (19-30%). Near the top of the zone the pollen spectra are 

mostt diverse and include Leguminosae (5-10%), Arecaceae-reliculate type (10-20%), and 

otherr Arecaceae (20-30%). In herbaceous peaks at the intervals of 350-300 cm, 280-250 cm, 

andd 205-190 cm Poaceae reach 50-90%. Arboreal peaks decrease at the top of the zone, and 

thee pollen spectrum become less diverse. The number of carbonised particles is low with 

valuess from 2xl04 to lxlO5 fragments/cm3. LOI values increase from 19% to 56% near the 

topp of the zone, This pollen zone contains two 14C bulk dates and one date on macroremains, 

Inn pollen zone LM-6 (137.5-0 cm, 2490-250 14C yr BP, 550 cal BC-AD 1650, 29 samples) 

MauritiaMauritia reaches more than 10%. Hedyosmum shows 40% at the bottom of the zone and 

decreasess toward the top. Other important arboreal taxa are Moraceae/Urticaceae (15%) and 

Leguminosaee (5%). Herbaceous taxa represent 15% at the bottom of the zone and increases to 

40%% at the top. The number of carbonised particles increases to 4x 10 fragments / cm . LOI is 

45%% at the bottom of the zone and decreases to 10% towards the top. This pollen zone 

containss four ,4C bulk dates. 
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Seasonalityy Las Margaritas Loma Linda 

Fig.Fig. 6.6. Seasonality record for latitude 5° N (after Mommersteeg, 1998) and 

mainmain pollen diagrams from lakes Las Margaritas and Loma Linda showing 

downcoredowncore changes of main ecological groups and pollen zones. The time scale of 

seasonalityseasonality record and core Las Margaritas shows calibrated ages on a linear 

timetime scale. The time scale of Loma Linda shows calibrated ages, calculated from 

thethe originally published C time scale. 

6.6.. High-resolution climate variabilit y in the southwestern savanna area 

Thee 220 samples of the 11,190 l4C yr Las Margaritas pollen record provide an average 

temporall  resolution of ca. 50 radiocarbon years/cm. The Loma Linda pollen record is located 

somee 15 km away (Fig. 6.1.); the 70 samples of this 8700 C yr pollen record provide an 

averagee temporal resolution of ca. 125 radiocarbon years/cm (Behling and Hooghiemstra 

20000 b). Notwithstanding the difference in temporal resolution, record Loma Linda is used 

heree to substantiate climatic inferences from the Las Margaritas record. Therefore, the periods 

bothh records have in common wil l be discussed together. When relevant, reference wil l be 
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madee to savanna pollen records at a larger distance from our study area. Fig. 6.6. shows the 

mainn pollen diagrams of both sites plotted along a time-axis expressed in calendar years; for 

thiss reason the UC yr time axis of core Loma Linda was re-calculated into calendar years. We 

wil ll  also compare observed changes in the pollen records with the seasonality record 

(Mommersteeg,, 1998) shown in Fig 6.6. 

Duringg the period of 9250-7150 cal BC (11,190 - 8130 UC yr BP, zone LM-1) the pollen 

spectraa document a landscape dominated by grass savanna (Poaceae, Asteraceae) in which 

woodyy shrubs and trees {Didymopanax) were sparse. Along the drainage system gallery forest 

withh Moraceae/Urticaceae, Leguminosae, Alchornea, Melaslomataceae, Leguminosae, 

Sapindaceae,, Anacardiaceae, Cecropia and palms was common. Sandy clay in the lowest 50 

cmm of the core indicate the lake experienced an energy-rich environment in which coarse 

sedimentss were transported to the depression. It remains unclear why sediment accumulation 

changedd into a lower-energy status in which mainly clay was deposited; possibly the 

depressionn formerly served as a part of a regional drainage system. The pollen record shows 

thatt savannas were at that time much more extensive compared with today and probably 

reachedd at least ca. 100 km further to the south. Annual precipitation must have been 

significantlyy lower, and the length of the annual dry season longer than today, which can also 

bee observed in the seasonality record. The presence of plant remains in the lake deposits and 

levelss with increased representation of Cyperaceae, Ludwigia and Polygonum are indicative 

off  low water levels. The LOI values show the input of organic carbon from the surroundings 

wass low and the lake was possibly poor in nutrients. A significant part of the lake possibly 

hadd contact with the open grass savanna in which Fires are common: this may explain the 

abundantt carbonised particles supplied to the lake sediments. The Loma Linda record also 

suggestedd that the grass savanna burned frequently. Today we find such open grass savanna 

withh littl e gallery forest in the north-eastern Llanos Orientales between Arauca and Puerto 

Carefio,, where the dry season lasts some 5 months. 

Duringg the period of 7150-5380 cal BC (8130-6470 14C yr BP, zone LM-2) the drainage 

systemm contained more gallery forest. The taxonomie composition was comparable to the 

previouss period, but Moraceae/Urticaceae in particular increased in abundance. This explains 

thee decrease in sediment supply to the lake (lower accumulation rate) and the transition, in the 

nextt zone, to peaty deposits, indicating the depression was fully isolated from the regional 

drainagee system. This development is also supported by a distinct increase of aquatics 

(Cyperaceae,, Ludwigia, Polygonum, and now also possibly Sagittaria), pointing to a lower 

waterr level in large parts of the lake. The decrease of carbonised particles also indicates that 
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thee lower parts of the landscape became more forested and the impact of fires on the 

vegetationn diminished gradually. Savanna trees and shrubs, mainly Didymopanax, were rare 

comparedd to die previous period; possibly Didymopanax shrub on moist soil was replaced by 

galleryy forest, including palms. The decreasing trend in the seasonality record during this 

periodd indicates that the difference between wet and dry seasons became less extreme, which 

probablyy favoured growth of perennial vegetation. 

Duringg the period of 5380-3480 cal BC (6470-4630 UC yr BP, zone LM-3) sediment input 

intoo the lake was low and peat formation started in the centre of the depression; this indicates 

aa permanent low lake level and explains the significant increase of LOI values. Aquatics 

becomee abundant in the shallow lake. Sagiltaria seeds could be identified in many samples of 

zoness LM-3 and LM-4. Forest and gallery forest increased with pulses but savanna 

vegetation,, mainly grasses, seem to return every time. In Loma Linda the start of forest 

expansionn was dated at 4950 cal BC (6060 l4C yr BP) which is in agreement with our pollen 

recordd and the continuously decreasing seasonality curve. Although the temporal resolution in 

thiss zone is higher than in the previous zone, climatic change during this period resembles a 

century-scalee oscillator. Forest maxima are caused by an expansion of Moraceae/Urticaceae, 

Leguminosae,, Sapindaceae and palms in particular, and these taxa include many elements 

fromm swamp forest. We infer that wet forest and gallery forest significantly expanded several 

times,, suggesting that the zone transitional from a wooded savanna to wet forest came close to 

sitee Margaritas. Interestingly, die proportion of savanna shrub did not increase substantially 

duringg periods of increased moisture. 

Duringg the period of 3480-2320 cal BC (4630-3870 UC yr BP, zone LM-4) the competition 

betweenn forest and open grass savanna intensified: during short intervals forest increasingly 

expanded.. On a regional scale forest expanded and open grass savanna possibly was restricted 

too the hill tops. Palm rich swamp forest, and the moisture loving tree Hedyosmum, increased, 

whereass Didymopanax savanna shrub also increased during the later part of this period of 

increasingg humidity. This corresponds to the still decreasing seasonality values. The lake level 

apparentlyy increased, peat forming plants diminished and sediments became increasingly 

clayey.. This development is supported by a lower content of organic carbon. The Loma Linda 

recordd suggests a larger proportion of open savanna during the period of ca. 4000-1800 cal 

BCC (5300-3500 MC yr BP). The zone transitional from a wooded savanna to wet forest 

apparentlyy periodically reached close to die study area. 

Duringg the period of 2320-550 cal BC (3870-2490 ,4C yr BP, zone LM-5) oscillations 

betweenn forested and savanna dominated intervals intensified: Üiree periods with abundant 

138 8 



Millenium-scalee dynamics of northern Amazonian rainforest-savanna boundary 

forestt are separated by 3 periods with significant and rapid expansion of savanna. An 

importantt clay fraction in the sediments, and a limited presence of aquatics (Sagittaria, 

Polygonum)Polygonum) indicate the water level was still high during the beginning of this period, but 

loweredd rapidly, in particular during the last ca. 500 years. This explains the change to peaty 

sedimentss at 200 cm core depth in the most recent part of this period. The Loma Linda record 

alsoo shows a significant expansion of forest and gallery forest between 1800 cal BC and 1000 

call  BC. We infer that between 1500 cal BC and 2500 cal BC a significant increase in climatic 

moisturee and the zone transitional from a wooded savanna to wet forest apparently reached 

evenn closer to Margaritas and Loma Linda as is the case today. The difference between wet 

andd dry season decreased further and almost reached the present-day situation. Carbonised 

particless are almost absent which supports the forest dominated landscape. 

Duringg the period of 550 cal BC to AD 1650 (2490-250 l4C yr BP, zone LM-6) Mauritia 

palmm forest (morichal) became rapidly abundant around the lake. Expanding Mauritia palm 

forestt was also recorded in sites Loma Linda and Agua Sucia. Between 550 and 50 cal BC, 

HedyosmumHedyosmum also increased suddenly in abundance but its contribution decreased continuously 

towardss the end of die record. But the forested area decreased and became increasingly 

replacedd by open grass savanna. In this period the number of carbonised particles increased 

slightly.. Although the seasonality record shows lowest values during the Holocene, which 

mightt suggest climatic conditions favouring forest, we recognised in the pollen record an 

expansionn of savanna. These contrary results suggest possible human impact in the area. The 

upperr 60 cm of sediment consist of fine detritus mud with increasingly less consistency at the 

top;; the sediments representing the last 300 calendar years were lost during coring. Aquatics 

weree rare and the shallow lake conditions of today seem to have existed since 550 cal BC. 

Althoughh Mauritia palms are of great economic value for the local population, and may have 

beenn cultivated near settlements at lake shores, it is doubtful if Mauritia indicates human 

impact.. Increasing abundance of savanna vegetation points to gradually drier conditions 

duringg the last two thousand years; this trend is corroborated by Loma Linda, where savanna 

increasedd since AD 0. The transitional zone from a wooded savanna to wet forest shifted 

slightlyy southward reaching the present-day geographical position under natural conditions. 

6.7.. Wiggle-Match Dating of the period 4300-2100 caJ BC {core interval 500-365 cm) 

Threee samples of the wiggle match data set at 444, 362 and 335 cm core depth (Table 6.2.) 

havee ages representing outliers; these samples contained roots which can potentially provide 
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deviatingg ages (Kilian et al., 1995). Therefore we rejected these samples. At 407 cm and 413 

cmm seed and root fractions were dated separately. The ages were in the range of the 2 

deviationn interval. Therefore, we used the average ages for WMD. The WMD procedure with 

thee Cal25 software (van der Plicht, 1993) works with the assumption of a linear sedimentation 

rate.. This assumption, however, can be considered problematic, in particular when a long time 

intervall  is analysed. Speranza et al. (2000 a) used changes in pollen concentration as an 

argumentt to divide a wiggle-match dataset into sub-datasets. For that reason we divided the 

datasett into four sub-datasets before applying the WMD procedure. 

Nott taking into account the rejected dates, we arrived at four data sets (Fig 6.7.): dataset 1 

(485-4699 cm) which lies in an interval with relatively low pollen concentration, dataset 2 

(463-4555 cm) which is separated from dataset 1 by a significant difference in age, dataset 3 

(443-4022 cm) which has significantly higher pollen concentrations than before, and dataset 4 

(374-3655 cm) which is located in an interval with the highest pollen concentration of the 

analysedd period. These datasets were wiggle matched separately and the results are shown in 

Fig.. 6.7. For the best fit to the dendro-calibration curve datasets 1, 3 and 4 had to be shifted 

333 years into the direction of younger l4C years, and dataset 2 was shifted 66 years. This 

mightt indicate a reservoir effect (Kilian et al., 1995, see discussion below). According to the 

bestt fit  of the wiggle-matched dates, a linear time scale for the pollen diagram in this interval 

wass calculated (Fig. 6.8A). 

Betweenn 4300 and 2100 cal BC five periods of forest (Fl: 4300-3950; F2: 3450-3350", F3: 

3200-3150;; F4: 3050 - 2950; F5: 2800 - 2100 cal BC) and four periods of savanna (S1: 3950-

3450;; S2: 3350-3250; S3: 3150-3050; S4: 2950 - 2800 cal BC) have been documented. In 

Fig.. 6.8A2 the dominant vegetation (savanna versus forest) is compared with the A14C record 

whichh is, as explained before, an indirect measure of solar activity. We must also consider, 

thatt if the A14C values change and a vegetational change might be triggered by increased solar 

activity,, it would take probably a few decades for the vegetation to adapt to new 

environmentall  conditions. Therefore the occurrence of an offset (delay) between A C changes 

andd changes in the forest/savanna ratio is likely. 
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Fig.Fig. 6.7. Graph showing the C year time scale versus the 

dendrochronology-deriveddendrochronology-derived calendar years time scale. Numbers indicate 

samplesample depth. Wiggle match dating of dataset I (485-469 cm), dataset 2 

(463-455(463-455 cm), dataset 3 (444-402 cm) and dataset 4 (374-335) and their 

positionposition in relation to the dendro-calibration profile (2 orange). Each date 

isis given with depth and its standard deviation. Open squares show C age 

withoutwithout correction. Solid squares show age after wiggle match procedure 

withwith correction for reservoir effect. 

Wee observe a major increase in the A' C record at 3950 cal BC. Correspondingly forest 

periodd Fl ends about 50 years later around 3900 cal BC. After Fl we observe the savanna 

periodd S l in the pollen record. During SI the AMC record shows a marked decrease (3850 cal 

BC),, but no corresponding changes in vegetation can be observed. At 3620 cal BC a strong 

increasee in the AUC record occurs, corresponding to a further decrease of forest at ca. 3600 

call  BC. The next increase of the A C record at 3500 cal BC is followed by a decrease in 

forestt contribution at ca. 3470 cal BC. The increase of A i4C values at 3350 cal BC coincides 

withh the end of F2 around 3320 cal BC. After the second savanna period (S2) the A I4C record 

andd the forest signal do not show the offset of 50 years between both signals as it could be 

observedd before. Instead of an increase of A l4C values before the end of F3, a decrease in the 
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AMCC record could be observed. Also the following S3 period does not coincide with the AUC 

record.. Like at the end of F3, the increase in the A!4C record follows the decreasing forest 

contributionn at the end of F4. This occurs also at the end of the weak savanna period S4. 

However,, F5 shows good correspondence with the A *C record, as the A C values are at a 

loww level during this forest period. Although the A ,4C and the pollen curves show between ca. 

40000 and 3320 cal BC (FI, SI, F2) a relatively good correspondence with an offset (delay) of 

somee 50 years, we also observed that the match between both records between 3320 and ca. 

28000 cal BC (F3, S3, F4, S4) is weak. F5 (after 2800 cal BC) might also be in 

correspondencee with the A I4C record. Based on these results it is difficult to decide whether or 

nott our hypothesis, that a climate change mainly driven by changes in solar activity, is 

supportedd by the wiggle-match. 

Too further check if climate change in the Llanos Orientales was triggered by changes in solar 

activity,, we also matched major shifts in the pollen record with fluctuations in the A C record 

andd calculated an 'optimal fit ' (Fig. 6.8B2). According to our hypothesis we would expect a 

comparablee or even better fit of the radiocarbon dates from the sediment core with the 

calibrationn curve. However, this exercise had negative effects on the position of our 

radiocarbonn dates in relation to the calibration curve. Fig. 6.8B3 shows that the calendar ages 

off  dataset 1 are about 300 years too old. Dataset 2 and part of dataset 3 fit  relatively well to 

thee dendro-calibration curve. Some radiocarbon dated samples of dataset 3 are about 300 

yearss too old and the samples of dataset 4 are about 400 years too old. It is evident that the 

calculatedd radiocarbon dates from the 'optimal fit' (Fig 6.8B3) fit  significantly less well to the 

calibrationn curve than the WMD as shown in Fig 6.8A3. 
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Fig.Fig. 6.8A.: A I: Main pollen percentage diagram; A2: A,4C record (grey = percentage of arboreal pollen; 

FIFI  - F5; Periods of forest dominance, SI - S4: Periods of savanna dominance). Temporal offset between 

AAI4I4CC and forest/savanna changes indicated by cross hatching; A3: l4C wiggle-match-dated ages plotted on 

thethe dendro-calibration curve without correction for possible reservoir effect; A4: Pollen concentration 

recordrecord for core interval 500-360 cm. The linear calendar year time scale is based on the l4C wiggle-

match.Fig.match.Fig. 6.8B.: Bl: Main pollen percentage diagram; B2: A C record (grey = percentage of arboreal 

pollen)pollen) matched optimally with pollen record; B3: recalculated '4C dates after optimal curve matching; 

B4:B4: Pollen concentration record. The calendar time scale is based on the wiggle-match of the 

forest/savannaforest/savanna ratio and the A,4C record (Fig 6.8B2). 
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6.8.. Discussion and conclusions 

Thee high resolution pollen record and detailed radiocarbon dating bring new details to the 

dynamicss of the forest/savanna transition zone in the Colombian Llanos Orientales during the 

Holocene.. Our record basically corresponds with the record from the nearest site Loma Linda 

(Fig,, 6.5., appendix) and our reconstruction of vegetation change supports the earlier 

reconstructionn by Behling and Hooghiemstra (2000 b). A correlation of our record with the 

pollenn record Agua Sucia (Wijmstra and van der Hammen, 1966) is hampered by the limited 

timee control. The close correspondence between the pollen and the seasonality record (Fig 

6.6.),, which is calculated from seasonal differences in insolation (Mommersteeg. 1998), 

suggestss that the character of the vegetation in the Llanos Orientales depend on the difference 

betweenn the dry and wet season. At the beginning of the Holocene strong seasonal changes 

andd a generally drier climate probably favoured vegetation with a shorter lif e cycle and the 

Llanoss Orientales was characterised by grassy savanna. This is in agreement with orbital 

parameters,, which caused relatively strong seasonality with warm summers and cool winters 

att the beginning of the Holocene (Martin et al„  1997). The ITCZ was probably weaker and 

broughtt less precipitation to the savanna. 

Forestt prefers probably a more even climate with higher water availability throughout the 

year.. The orbital parameters indicate that during the Holocene the Earth changed its position 

andd came closer to the sun in December and farther in June. As a consequence the difference 

betweenn dry and wet season became less, which is also shown by the continuously decreasing 

seasonalityy record, and the ITCZ as a rain donor probably became more important. The higher 

resolutionn in the Las Margaritas pollen record shows between ca. 5400 and 2300 cal BC the 

overalll  shift from savanna to forest dominated vegetation during a period with alternating 

abundancee of both vegetation types. The records Loma Linda and Agua Sucia which are 

situatedd nearby Las Margaritas show minor fluctuations during this period, which might be 

duee to lower resolution. The forest domination lasted until around AD 0 in Loma Linda and 

Lass Margaritas. Forest could expand in the study area as seasonal changes in climate became 

weakerr and water availability increased. This is also suggested by the pollen records. 

Thee expansion of savanna after AD 0 (Fig. 6.6.) contrasts with the orbital climate forcing 

parameterss and therefore with the seasonality record, which is still low during this period. An 

expansionn of savanna under conditions that favour forest vegetation might point to human 

influencee in the area. It is a point of discussion how increased Mauritia values in the pollen 

recordd can be interpreted. Some authors suggest that man enhanced the spread of Mauritia in 

thee Llanos Orientales between ca. 550 cal BC and AD 0 (i.e. Behling and Hooghiemstra, 
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1999),, while others suppose that the abundance of Mauritia is the result of an increase in 

precipitationn (Kahn 1987. Kahn and de Granville, 1992), Human impact would change the 

vegetationn in the direction of savanna expansion as we expect that the people created pasture 

landd for cattle. A parallel expansion of savanna and Mauritia would be rather unlikely under 

naturall  conditions, because they are indicators for mutually exclusive hydrologies. Therefore 

wee conclude that since 550 cal BC water availability increased but, due to human impact, 

savannaa vegetation could expand. However, the start of this period is still unclear as the 

radiocarbonn dates fall into an interval with considerable A I4C wiggles. 

Wee showed that the method of  KC WMD is applicable to our kind of lacustrine environment. 

Thiss dating strategy gave us the opportunity to investigate whether or not the alternation 

betweenn forest and savanna dominance in the time interval 4300 - 2100 cal BC could be 

connectedd to A14C fluctuations, and thus to solar forcing of climate change. From ca. 4000 -

33200 cal BC some parallel developments between the forest/savanna alternations and the A C 

recordd were visible. During this period the vegetation changes followed the A C changes after 

aboutt 50 years, but fluctuations of A14C between 3350 and 2100 cal BC showed almost no 

correspondencee to the pollen record. 

Wee also calculated an 'optimal fit' between A14C fluctuations and the pollen record (Fig 

6.8B2).. This exercise had negative implications for the comparison of our radiocarbon dates 

andd the ' C calibration curve (Fig 6.8B3). In case the calendar time scale of Fig 6.8B would 

bee correct, datasets 1 and 4 were particularly significantly older than the calibration curve. 

Thiss would indicate a reservoir effect of a few hundred years. A reservoir effect in that range 

iss relatively unlikely as the sediments in the study area are generally very poor in carbonate 

(Botero,, 1999). However other sources for 'older' carbon have to be considered. One example 

aree gases (i.e. C02, methane), coming from decaying plant material in deeper layers of the 

sediment,, that are released into the water. In this way C02 with 'old' 14C can be assimilated by 

livingg plants. Such a phenomenon of a reservoir effect in a carbonate-poor environment was 

shownn by Kilian et al. (1995) for ombrotrophic peat bogs. An influence of carbon rich gases, 

producedd after decay of the organic fraction of the peaty sediments, on our core ts possible 

andd could be an explanation for the older ages of the radiocarbon dates calculated from the 

'optimall  fit' (Fig 6.8B3). 

Mostt reactions of vegetation to changes in solar activity, reported in former papers (van Geel 

andd Renssen, 1998; van Geel et al., 2000) were contemporaneous with the A l4C fluctuations 

(forcingg event). To make a final conclusion about a possible reservoir effect of several 
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hundredd years between the A C and the pollen record, we would need WMD and time series 

analysiss of a longer interval and more cores than presented here. 

Afterr WMD of the radiocarbon dates with the calibration curve only a weak correspondence 

betweenn A C and pollen record in the analysed interval could be observed. The constructed 

'optimall  fit ' between A C and the pollen record would imply considerable reservoir effects. 

Unambiguouss evidence for the influence of changes in solar activity on climate fluctuations 

andd thus on vegetation could not be proven in our record, but the idea and the present data 

deservee future attention and study. 
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Thiss work aimed to improve understanding of the vegetation and climate dynamics of the 

Colombiann tropical lowlands (0-2300 m elev.) and test the current hypothesis of 

environmentall  change from the Last Glacial Maximum (LGM) to today, Four sediment cores, 

fromm three different areas in Colombia (Chocó, Interandean valley and Llanos Orientates), 

havee been analysed for pollen. This study adds new detail to the reconstructed scenario of 

vegetationn and climate change during the late Quaternary and current key problems are 

discussed,, in particular, reconstructions of palaeo-temperature, temperature lapse rate and 

historyy of precipitation patterns, concerning the tropical lowlands of northern South America. 

Duee to the different levels of knowledge concerning vegetation and climate dynamics in die 

researchh areas, the specific research questions varied. 

Thee Chocó area 

AA reconstruction of the local and regional vegetation history of this area was made on the 

basiss of pollen, sediment and diatom analysis from core El Caimito. This multi-proxy study 

showss the importance of rivers for the formation of vegetation patterns in Chocó and 

demonstratess a development from: 

(1)) a high energy (coarse sediments) river-influenced basin, at a close distance to the coastal 

mangrovee forest, from 3600 to 2600 l4C yr BP (BP), to 

(2)) an event of riverine erosion in the depression, causing a hiatus in the record from 2600 to 

20700 BP. 

(3)) From 2070 to 600 BP the lake system was periodically affected by high energy events 

causedd in the regional drainage system. Mangrove forest along the drainage system was 

veryy close. 
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(4)) After 600 BP the lake became isolated from regional river system disturbances and was 

surroundedd by a floristically diverse forest which possibly records the impact of human 

activities. . 

Too provide a set of tools for future research, studies in Chocó were also focused on a 

summaryy of floristically identified actual forest types and their characteristic pollen taxa. 

Numericall  analyses of pollen taxa in the sediment records were used to reconstruct internal 

forestt dynamics at local and regional scales during the last 4400 years. It is shown that species 

diversityy in Chocó always increased over this time period. The dynamic river system, 

permanentlyy creating new habitats by river bed movements and changes of inundation 

patterns,, would influence the speed of migration of different forest types and their competitive 

interactions,, possibly causing a permanent influx of taxa to the study area during the last 4400 

years. . 

Unfortunatelyy it is also shown that the level of detail of these studies, especially in the tropical 

rainn forest area, is limited, given that identification of pollen grains often stops at the family 

levell  (e.g. Arecaceae, Leguminosae, Rubiaceae, Euphorbiaceae). 

Thee lower montane forest belt 

Inn a similar manner to the Chocó area, the vegetation history and climate change in the lower 

montanee (= subandean) forest belt was also poorly known. Palynological studies from the 

lowerr montane forest belt near Popayan, inventory studies of the last remnants of forest, 

combinedd with information of the potential natural vegetation from the 'forest map' and 

'ecologicall  map' of Colombia, were used to provide a calibration set of modern vegetation in 

thiss area for the interpretation of the Timbio and Piagua pollen records. An integration of the 

informationn from the available lower montane pollen records in Colombia is used to 

reconstructt and discuss climate and altitudinal lapse rate changes since the LGM. 

Afterr around 50,000 14C yr B,P (=50 kyr BP) temperature was relatively mitd and at 1700 m 

aboutt 3°C lower than today. Around 40 kyr BP temperature was only slightly warmer than at 

thee LGM. Between 40 and 32 kyr BP temperatures increased again and were ca. 5°-6 DC 

coolerr than today. After 32 kyr BP, temperature at 1700 m gradually decreased and at die 

LGMM it reached values of ca. 6° to 7°C lower than today. After the LGM, temperatures 

continuouslyy increased until ca. 14 kyr BP and were ca. 3°C lower than today. From 14 to 9 

kyrr BP the lower montane forest belt shows altitudinal shifts that mainly reflect the well 

knownn Late Glacial temperature oscillations: the 'Susaca interstadial', 'Ciega stadial'. 

152 2 



Epilogue e 

'Guantivaa inlerstadial'. The 'El Abra stadial' shows temperatures of ca. 3°C cooler than today. 

Thee beginning of the Holocene, until ca. 7 kyr BP, is characterised by a transition to higher 

temperatures.. From 7 to 5 kyr BP temperature was about 0.5°-l°C warmer than today. During 

thee last 4.5 kyr BP pollen records at many places are affected by human activity and are not 

suitablee for inferring palaeotemperature estimates. 

Thesee LGM temperature values al 1700 m (6°-7°C) are less than the estimated LGM 

temperaturee drop of 8°-9°C at 2500-3000 m, but higher than the estimated LGM temperature 

dropp of 4°-6°C at sea-level and substantiate a steeper glacial lapse rate. 

Wee also summarise the altitudinal distribution of the main vegetation belts through the 

Colombiann Andes at the latitude of Popayan for the present and the LGM. The modern 

conditionss show a lapse rate of ca. 0.6°C/100 m and the plot for LGM conditions shows a 

calculatedd lapse rate of 0.76°C/100 m and strongly suggest a steeper temperature gradient 

thann today's. 

Thee Llanos Orientales 

Thee high resolution pollen record Las Margaritas and its detailed radiocarbon dating bring 

neww insights to the dynamics of the forest/savanna transition zone in the Colombian Llanos 

Orientaless during the Holocene. The record of vegetation dynamics corresponds with the 

nearestt site Loma Linda, supporting the earlier reconstruction. The close correspondence 

betweenn the pollen and the seasonality record suggests that the character of the vegetation in 

thee Llanos Orientales depends upon the differences between the dry and wet seasons. 

Att the beginning of the Holocene strong seasonal changes and a generally drier climate 

probablyy favoured vegetation with a shorter lif e cycle and the Llanos Orientales was 

characterisedd by grassy savanna. Orbital parameters at the beginning of the Holocene indicate 

aa relatively strong seasonality with warm summers and cool winters. 

Duringg the Holocene the Earth changed its position and came closer to the sun in December 

andd farther away in June, As a consequence, the difference between dry and wet seasons 

becamee less, which is also shown by the continuously decreasing seasonality record. 

Thereforee the Las Margaritas pollen record shows between ca. 5400 and 2300 cal BC the 

overalll  shift from savanna to forest dominated vegetation during a period with alternating 

abundancee of both vegetation types. The forest domination lasted until about 2000 years ago. 

Forestt could expand in the study area as seasonal changes in climate became weaker and 

waterr availability increased. 
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Thee expansion of savanna after since ca. 2000 years ago is in contrast to the seasonality 

record,, which is still low during this period. The possibility that expansion of savanna under 

conditionss that favour forest vegetation might point to human influence in the area needs to be 

checkedd in future studies. Based on this study we conclude that since 550 cal BC water 

availabilityy in the study area increased but savanna vegetation expanded. 

Thee wiggle match dating strategy offered the possibility to investigate whether or not the 

alternationn between forest and savanna dominance in the time interval from 4300 to 2100 cal 

BCC could be connected to fluctuations in atmospheric C content, and thus to solar forcing of 

climatee change. From ca. 4000 - 3320 cal BC some parallel developments between the 

forest/savannaa alternations and the A ' C record were visible, indicating an influence of solar 

forcingg on climate change. During this period the vegetation changes followed the A C 

changess after about 50 years, but fluctuations of A14C between 3350 and 2100 cal BC do not 

matchh the pollen record. Therefore, unambiguous evidence for the influence of changes in 

solarr activity on climate fluctuations, and thus on vegetation, could not be proven in our 

record,, but the idea and the present data deserve future attention and study. 
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Vierr Sedimentkerne aus drei verschiedenen Gebieten Kolumbiens (Chocó, interandines Tal 

undd Llanos Orientales) wurden palynologisch untersucht. Die hier vorgelegte Arbeit fügt dem 

rekonstruiertenn Bild von Vegetations- und Klimaveranderungen seit dem letzten glazialen 

Maximumm neue Details hinzu und stellt die Ergebnisse in den Zusammenhang mit aktuellen 

Schlüsselproblemenn der Klimageschichte des nördlichen Südamerikas, z.B. Palaeo-

Temperaturrekonstruktion,, Anderungen in der höhenbedingten Temperaturabnahme und der 

Niederschlagsverteill  ung in den Trockengebieten. Durch den unterschiedüchen Wissensstand 

inn den verschiedenen Untersuchungsgebieten unterschieden sich die jeweiligen 

Fragestellungenn und Untersuchungsziele teilweise voneinander. 

Derr Chocó 

Auff  Basis von Pollen-, Diatomeen- und Sedimentanalysen des Bohrkerns El Caimito wurde 

einee Rekonstruktion der lokalen und regionalen Vegetationsgeschichte erstellt, Diese Studie 

machtee den grossen Einfluss des weit verzweigten Flusssystems auf die Bildung 

verschiedenerr Habitate im Chocó deutlich. Folgende Entwicklung konnte rekonstruiert 

werden: : 

(1)) Zwischen ca. 3600 und 2600 l4C Jahren vor heute (BP) stand der Untersuchungspunkt 

unterr starkem Einfluss des Flusses. 

(2)) Sedimenterosion durch den Fluss verursachte einen Hiatus zwischen 2600 und 2070 BP. 

(3)) Zwischen 2070 und 600 BP lagerten sich Seesedimente ab, die periodisch unter 

fluviatilemfluviatilem Einfluss standen. In diesem Zeitraum lag die Mangrove in unmittelbarer Nahe 

zumm Untersuchungspunkt. 

(4)) Zwischen 600 BP und heute war der See vom Flusssystem isoliert. Der umgebende Wald 

erreichtee seine höchste Artenvielfalt und es gibt Hinweise auf möglichen menschlichen 

Einfluss. . 

Diee Studiën im Chocó waren weiterhin darauf gerichtet, nach Verbindungen zwischen den 

floristischh bekanmen Waldtypen und den fiir diese Waldtypen charakteristischen Pollentypen 

zuu suchen, um eine Grundlage für künftige Pollenanlysen im Chocó zu schaffen. Numerische 
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Analysee der Pollentaxa, die in den Bohrkernen gefunden wurden. gab Aufschluss über die 

floristischee Dynamik innerhalb des tropischen Regenwaldes in den letzten ca. 4400 Jahren. Es 

konntee gezeigt werden, dass die Artenvielfalt in der analysierten Zeitspanne statig angestiegen 

ist.. Als ErkJarung dafür wird auch hier das dynamische Flusssystem angeführt, das durch 

seinenn starken Einfluss viele verschiedene kleinraumige Habitate schafft und somit eine 

grossee Artenvielfalt ermöglicht. In Verbindung mit einer unterschiedlichen 

Einwanderungsgeschwindigkeitt von Waldarten mag eine stetig steigende Artenzahl in den 

letzenn 4400 Jahren zustande kommen. 

Ess zeigte sich leider auch. dass die Genauigkeit solcher Studiën durch den zuweilen 

mangelhaftenn Identifizierungsgrad von Pollentypen limitiert wird. Insbesondere Pollentypen 

derr Familien Arecaceae, Fabaceae, Rubiaceae und Euphorbiaceae sind problematisch und 

oftmalss nur als Pollentypen dieser Familien anzusprechen. 

Derr Bergwaldgürtel Kolumbiens 

Wiee für den Chocó, so war auch über die Vegetations- und Klimageschichte des 

kolumbianischenn Bergwaldes nur wenig bekannt. lm Rahmen der pollenanlytischen 

Untersuchungenn aus dem Bergwald im Gebiet von Popayan wurde die 

vegetationsgeschichtlichee Interpretation der Pollendiagramme (Timbio und Piagua) auf Basis 

vonn Landkarten, ökologischer Landkarten und unveröffentlichten Vegetationsaufnahmen von 

Primar-- und Sekundaïwaldresten dieser Höhenstufe prazisiert. Anhand eines Vergleichs aller 

verfügbarenn kolumbianischen Pollenstudien dieser Höhenstufe wurden Anderungen des 

Klimass und der höhenbedingten Temperaturabnahme seit dem letzten Glazial diskutiert. 

Nachh 50000 BP war die durchschnittliche Temperatur auf 1700 m NN nur etwa 3°C kiihler 

alss heute. Urn 40000 BP war die Temperatur nur wenig hoher als wahrend des glazialen 

Maximum.. Zwischen 40000 und 32000 BP stieg die Temperatur wieder an und war ca. 5°-

6°CC kiihler als heute, um wahrend des glazialen Maximums (nach 32000 BP) auf 6°-7°C zu 

fallen.. Nach dem glazialen Maximum stieg die Temperatur kontinuierlich bis ca. 14000 BP 

auff  Werte ca. 3°C kiihler als heute an. Von 14000 bis 9000 BP zeigt die 

Höhenstufenentwicklungg des Bergwaldes eine Dynamik, die sich mit der allgemeinen 

Klimaentwicklungg in Kolumbien deckt. Die Sequenz spalglazialer Temperaturschwankungen: 

'Susacii  InterstadiaJ', 'Ciega Stadial', 'Guantiva Interstadial' wurde nachgewiesen. Das folgende 

'EII  Abra Stadial' war ca. 3°C kiihler als heute. Der Beginn des Holozans bis ca, 7000 BP ist 

durchh einen deutlichen Anstieg der Temperatur charakterisiert. Zwischen 7000 und 5000 BP 

warr es ca. 0.5°-1°C warmer als heute. Seit ca. 4500 BP sind die Pollenspektra der 
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Untersuchungspunktee wahrscheinlich durch menschlichen Einfluss verandert und eine 

Rekonstruktionn der Klimageschichte 1st deshalb nicht möglich. 

Diee rekonstruierte Temperatur des letzten glazialen Maximums auf 1700 m NN (6°-7°C) liegt 

zwischenn der Temperaturrekonstruktion aus den HÖhenlagen (8°-9°C) und der aus dem 

Rachlandd (4°-6°C). Daher 1st zu folgern, dass die höhenbedingte Temperaturabnahme, die 

heutee bei ca. 0.6°C/100 m liegt, wahrend des glazialen Maximums höher gewesen sein muss 

(ca.. 0.76°C/100 m), also ein grösserer Temperaturunterschied zwischen Tiefland und 

HÖhenlagenn geherrscht hat. 

Derr Llanos Orientales 

Diee noch aufgelöste Pollenanalyse des Kerns Las Margaritas und seine detaillierte 

Radiocarbondatierungg brachten neue Erkenntnisse zur holozanen Vegetations- und 

Klimadynamikk im Übergangsgebiet zwischen Savanne und tropischem Regenwald im Llanos 

Orientales.. Das Diagramm korrespondiert grösstenteils mit dem benachbarten 

Untersuchungspunktt Lorna Linda und frühere Rekonstruktionen konnten bestatigt werden. 

Diee paratlele Entwicklung zwischen Pollendigramm und dem saisonbedingten 

Strahlungsinfluxx weist darauf hin, dass der Charakter der Vegetation vom Verhaltnis 

zwischenn Trocken- und Regenzeit (Zeitspanne und Starke) abhangt. 

Zuu Beginn des Holozans dürfte die starke Saisonalitat und das generell trockenere Klima 

Vegetationn mit einem kürzeren Lebenszyklus gefördert haben, und der Llanos Orientales war 

deshalbb mit Grassavanne bewachsen. lm Laufe des Holozans veranderte die Erde ihre 

Umlaufbahnn und stand im Dezember naher und im Juni weiter entfemt zur Sonne. Aus diesem 

Grundd verringerte sich der Unterschied zwischen Trocken- und Regenzeit und die fïir die 

Pflanzenn verfügbare Feuchtigkeit nahm zu. Das Pollenproftl Las Margaritas zeigt zwischen 

54000 und 2300 cal BC einen Übergang von Savannendominanz zu Walddominanz. Wahrend 

diesess Zeitraums wechselten sich Savannen- und Waldvorherrschaft mehre Male kurzzeitig 

ab.. Die Walddominanz dauerte bis etwa Christi Geburt. Die neuerliche Ausbreitung von 

Savannee nach Christi Geburt steht im Gegensatz zum Veriauf der Saisonalitatskurve, welche 

zurr gleichen Zeit bei niedrigen Werten bleibt. Es wird Aufgabe zukünftiger Studiën sein, zu 

beurteilen,, ob diese Savennenausbreitung unter scheinbar Wald begünstigendem Klima ein 

Hinweiss auf menschlichen Einfluss im Untersuchungsgebiet ist. Aufgrund der hier 

vorliegendenn Untersuchung kann gefolgert werden, dass seit 550 cal BC die Feuchtigkeit im 

Untersuchungsgebiett stieg, aber sich dennoch Savanne ausbreitete. 

157 7 



Zuu sammcnfass ung 

Diee Methode des sog. Wiggle Match datierens eröffnete die Möglichkeit zu untersuchen, ob 

diee Fluktuationen in der Savanne-/Watddominanz zwischen 4300 und 2100 cal BC an 

Fluktuationenn des 14C Gehaltes der Atmosphare gekoppelt waren und damit 

Klimaschwankungenn vom der Sonne beeinflusst wurden. Von 4000 - 3320 cal BC war ein 

groberr paralleler Verlauf sichbar, was die erwahnte These stützt. Wahrend dieses 

Zeitintervallss folgten die Vegetationsanderungen den A l4C Fluktuationen im Abstand von 

etwaa 50 Jahren. Zwischen 3350 und 2100 cal BC konnte keine Übereinstimmung zwischen A 
l4CC Kurve und Pollenprofil gefunden werden. Somit konnte in dieser Untersuchung ein 

Einflusss der Sonnenaktivitat auf Klimaschwankungen und Vegetation nicht eindeutig 

nachgewiesenn werden. Da dies die erste Untersuchung ihrer Art auf dem südamerikanischen 

Kontinentt ist, werden zukünftige Untersuchungen sicherlich folgen. 
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Hett doel van deze studie was het verbeteren van het begrip van de palaeo-ecologische 

enn palaeo-klimatologische dynamiek van het Colombiaanse tropisch laagland (0-2300 

mm hoogte), teneinde huidige hypotheses ten aanzien van klimaatverandering sinds het 

Laat-Glacialee Maximum (LGM) te kunnen evalueren. Vier sediment-kernen uit drie 

verschillendee gebieden in Colombia (Chocó, Interandiene Vallei en Llanos 

Orientales)) werden palynologisch geanalyseerd. Dit onderzoek verschaft nieuwe 

detailss over het verloop van vegetatie- en klimaatverandering tijdens het laat-

Kwartair.. Bovendien worden de problemen ten aanzien van de reconstructie van 

palaeo-temperaturen,, 'lapse rate' (hoogte-afhankelijke temperatuurafname) en de 

geschiedeniss van neerslag-patronen in het tropisch laagland van noordelijk Zuid-

Amerikaa behandeld. Vanwege verschillende kennisniveau's betreffende de vegetatie-

enn klimaatdynamiek in de onderzochte gebieden, variëren de verschillende 

onderzoeksvraagstellingen. . 

Hett Chocó-gebied 

Dee lokale en regionale vegetatiegeschiedenis van dit gebied werd gereconstrueerd 

doorr middel van analyse van pollen, sediment en diatomeeën van de kern El Caimito. 

Dezee multi-proxy studie laat zien hoe belangrijk rivieren zijn voor de formatie van 

vegetatie-patronenn in Chocó. De periode van de laatste ca. 3600 (i4C) jaar vertoont 

eenn ontwikkeling van: 

1)) een bekken beïnvloed door een rivier met hoge energie (groffe sedimenten), 

dichtbijj  het mangrove-bos aan de kust, van ca. 3600 tot 2600 !4C jaren BP (=voor 

19500 AD), overgaand in 

2)) een situatie van rivier-erosie, die een hiaat veroorzaakte van 2600 tot 2070 BP. 
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3)) Daarna was een meer aanwezig dat periodiek beïnvloed werd door hoogenergieke 

fasenn in het regionale waterafvoer-systeem. Van 2070 tot 600 kwam mangrove-bos in 

dee directe omgeving van het meer voor, 

4)) Na 600 BP werd het meer niet langer gestoord door het regionale riviersysteem, en 

werdd het omringd door een floristisch divers bos met mogelijke menselijke invloed. 

Omm een dataset voor verder onderzoek te verkrijgen, werd voor Chocó een overzicht 

gemaaktt van floristisch geïdentificeerde actuele bostypen en hun indicatieve pollen-

typen.. Pollen taxa in de pollen-archieven werden numeriek geanalyseerd om op lokale 

enn regionale schaal de interne bos-dynamiek gedurende de laatste 4400 jaar te 

reconstrueren.. Voor de betreffende periode werd aangetoond dat de soortenrijkdom in 

Chocóó steeds is toegenomen. Deze ontwikkeling is waarschijnlijk te verklaren door 

hett dynamische riviersysteem, dat door stroomdalverplaatsingen en veranderingen in 

inundatiepatronenn voortdurend nieuwe omgevingen creëerde, en tevens door 

verschillendee migratiesnelheden van, en competitie tussen, verschillende bostypen. 

Ditt zorgde voor een permanente influx van taxa naar het onderzoeksgebied gedurende 

dee laatste 4400 jaar. 

Vastgesteldd werd dat de details van dit soort studies, zeker in hel gebied van het 

tropischee regenwoud, beperkt worden door de vaak beperkte determinatie-

mogelijkhedenn voor pollen. De identificatie gaat vaak niet verder dan het familie-

niveauu {bv. Arecaceae, Leguminosae, Rubiaceae, Euphorbiaceae). 

Dee laag-montane bos-zone 

Nett als in het gebied van de Chocó, was er zeer weinig bekend over de 

vegetatiegeschiedeniss en eventuele klimaatsveranderingen in de laag-montane 

(=subandiene)) bos-zone. In het palynologisch onderzoek van de laag-montane bos-

zonee dichtbij Popayan werd inventariserend onderzoek aan de laatste overblijfselen 

vann het bos gecombineerd met informatie over de potentiële natuurlijke vegetatie 

zoalss aangegeven op de 'bos-kaart' en de 'ecologische kaart' van Colombia. Deze 

informatiee werd gebruikt voor een calibratieset van de huidige vegetatie in dit gebied, 

waarmeee de Timbio- en Piagua pollen-gegevens werden geïnterpreteerd. De 

informatiee uit de beschikbare laag-montane pollen-archieven in Colombia werd 

geïntegreerdd om het klimaat en de hoogte-afhankelijke temperatuurafname sinds het 

LGMM te kunnen reconstrueren en bediscussiëren. 
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Naa ongeveer 50.000 UC jaren BP (=50 kjr BP) was de temperatuur relatief mild; op 

17000 meter hoogte was de temperatuur ongeveer 3°C lager dan tegenwoordig. Rond 

400 kjr BP was de temperatuur slechts iets warmer dan tijdens het LGM. Tussen 40 en 

322 kjr BP steeg de temperatuur opnieuw en was het ongeveer 5-6qC kouder dan nu. 

Naa 32 kjr BP werd de temperatuur op 1700 m hoogte geleidelijk lager, en bereikte 

tijdenss het LGM waarden 6 tot 7°C lager dan tegenwoordig. Na het LGM steeg de 

temperatuurr voortdurend tot ongeveer 14 kjr BP, toen het ongeveer 3°C koeler was 

dann tegenwoordig. Van 14 tot 9 kjr BP vertoont de laag-montane bos-zone hoogte-

verschuivingenn die in overeenstemming zijn met de goed bekende temperatuur-

oscillaties:: het 'Susaca interstadiaal', het 'Ciega stadiaal' en het 'Guantiva interstadiaal'. 

Tijdenss het 'El Abra stadiaal' lag de temperatuur ca. 3°C lager liggen dan 

tegenwoordig.. Het begin van het Holoceen, tot ongeveer 7 kjr BP, werd 

gekarakteriseerdd door een overgang naar hogere temperaturen. Van 7 tot 5 kjr BP was 

dee temperatuur ongeveer 0,5 tot TC warmer dan tegenwoordig. Tijdens de laatste 4,5 

kjrr BP zijn vele pollen-archieven beïnvloed door menselijke activiteit en ze zijn dan 

ookk niet meer bruikbaar om natuurlijke omgevingsveranderingen te reconstueren. 

Dee LGM temperatuurwaarden op 1700 m (6 tot 7°C) zijn lager dan de geschatte LGM 

temperatuurverminderingg van 8 tot 9°C op zee-niveau, en ze bevestigen een steilere 

hoogte-afhankelijkee temperatuur-afname. 

Err wordt een overzicht gegeven van de hoogte van de belangrijkste hedendaagse 

vegetatiezoness en de vegetatiezones tijdens het LGM in de Colombiaanse Andes voor 

dee breedtegraad van Popaya^i. De hedendaagse condities laten een hoogte-

afhankelijkee temperatuur-afname zien van 0,6°C per 100 meter, terwijl de hoogte-

afhankelijkee temperatuur-afname tijdens het LGM 0,76°C per 100 meter moet zijn 

geweest.. Dit doet vermoeden dat de hoogte-afhankelijke temperatuur-gradient vroeger 

steilerr was dan tegenwoordig. 

Dee Llanos Orientates 

Hett palynologisch onderzoek van Las Margaritas heeft een hoog oplossend vermogen, 

medee door het vrij grote aantal  l4C-dateringen. Dit onderzoek geeft een meer 

gedetailleerdd beeld van de dynamiek van de bos/savanne overgangszone in de 

Colombiaansee Ltanos Orientales tijdens het Holoceen. De palynologtsche gegevens 
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komenn in grote lijnen overeen met het nabij gelegen Lorna Linda, en de reconstructie 

vann de vegetatieveranderingen bevestigt eerdere reconstructies. De grote 

overeenkomstt tussen het pollenarchief en de seizoenaliteit-gegevens, suggereert dat 

hett karakter van de vegetatie in de Llanos Orientales afhankelijk is van het verschil 

tussenn het droge en het natte seizoen. 

Dee sterke seizoensveranderingen en een droger klimaat aan het begin van het 

Holoceenn bevorderden waarschijnlijk vegetatietypen met een korte levenscyclus. De 

Llanoss Orientales werd gekarakteriseerd door een grasachtige savanne. Orbitale 

parameterss indiceren een relatief sterke seizoenaliteit met warme zomers en koele 

winterss aan hel begin van het Holoceen. 

Tijdenss het Holoceen veranderde de aarde van positie en kwam dichterbij de zon in 

decemberr en verderweg van de zon in juni. Daardoor werd het verschil tussen het 

drogee en natte seizoen kleiner, hetgeen ook te zien is in de voortdurend afnemende 

seizoenaliteit-gegevens.. Daarom laat het Las Margaritas pollenarchief tussen 5400 en 

23000 cal BC een overgang van savanne naar bos-gedomineerde vegetatie zien, tijdens 

eenn periode met afwisselende dominantie van beide vegetatietypen. Bos was dominant 

tott ongeveer het begin van de jaarstelling. Het bos kon zich uitbreiden in het 

onderzoeksgebiedd toen de seizoenale klimaatveranderingen zwakker werden en 

waterbeschikbaarheidd toenam. 

Dee uitbreiding van savanne vanaf ongeveer 2000 jaar geleden staat in contrast met de 

seizoenaliteit-gegevens,, die nog steeds laag zijn in deze periode. De mogelijkheid dat 

uitbreidingg van savanne zich voordeed onder omstandigheden die gunstig zijn voor 

bos-vegetatiee kan wijzen op menselijke invloed, maar deze mogelijkheid moet worden 

onderzochtt in toekomstige studies. De onderzoeksresultaten wijzen uit dat sinds 550 

call  BC de waterbeschikbaarheid toenam in het onderzoeksgebied terwijl de savanne 

zichh uitbreidde. 

Dee ' 4C wiggle match' daterings-strategie maakte het mogelijk te onderzoeken of de 

afwisselingenn tussen dominantie van bos en savanne in de periode van 4300 tot 2100 

call  BC verband hield met veranderingen in de atmosferische concentratie van !JC, en 

duss met zonneforcering van klimaatverandering. Van ca. 4000-3320 cal BC waren 

enkelee parallelle ontwikkelingen zichtbaar tussen bos/savanne-afwisselingen en het 

AuC-archief,, wat een aanwijzing gaf in de richting van zonneforcering van 

klimaatverandering.. Tijdens deze periode volgden de vegetatieveranderingen de A^C-
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Platee captions 

Platee 1. 1: Hygrophiia (Acanthaceae, stephanocolpate + P4); 2(a-c): Anacardiaceae 

(P3C3);; 3(a-c): Anacardium type (Anacardiaceae, P3C3); 4(a-c): Tapirira 

(Anacardiaceae,, P3C3); 5(a, b): Annonaceae (inaperturate); 6(a-c): Apiaceae (P3C3); 

7(a,, b): Hydrocotyle (Apiaceae, P3C3); 8(a, b): Apocynaceae (P3); 9: Prestonia type 

(Apocynaceae,, P4); 10(a, b): Ilex (Aquifoliaceae, P3C3); I l(a-c): Anthurium (Araceae, 

P5). . 
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Platee 2. 12(a-c): Araceae (inaperturate); 13(a-e): Arecaceae (CI); 14(a-c): Arecaceae 

echinatee (CI); 15(a, b): Iriartea (Arecaceae, CI); 16(a-c): Mauritia (Arecaceae, CI); 

17(a,, b): Mauritielia (Arecaceae, CI). 
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Platee 3. 18(a-c): Asteraceae subf. Asteroidae (P3C3); 19(a-c); Asteraceae subf. 

Cichorioidaee (P3C3); 20(a-d): Alnus (Betulaceae, P5); 21(a-c): Bignoniaceae (P3C3); 

22(a,, b): Bombacaceae (C3); 23(a-c): Ochroma type (Bombacaceae, C3); 24: Pachira 

typee (Bombacaceae, C3). 
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Platee 4. 25: Quaribea (Bombacaceae, P3); 26(a-c): Boraginaceae (P4C4); 27(a-c): 

CordiaCordia lanaia type (Boraginaceae, P3); 28(a, b): Bromeliaceae (CI); 29 (a-c): 

Chenopodiaceaee (periporate); 30(a-c): Clethra (Clethraceae, P3C3); 31(a-c): 

HedyosmumHedyosmum (Chloranthac., inaperturate); 32(a-f): Convolvulaceae (periporate, C3); 

33(a-c):: Doliocarpus (Dipterocarpac, P3C3); 34: Sloanea (Elaeocarpaceae, P3C3). 



26b b 26c c 27c c 

26a a 

29aa 29b \ 

255 29c 

28a a 

VV '30a 30b ^ 

27a a 

27b b 

r 3 1 b b 
31c c 

32c c 

/ , , 

32a a 

X X 32e e 33bb 3 3 a 

32b b 32d d 

m m 
32f f 



Platee 5. 35(a, b): Ericaceae (tetrade); 36(a, b): Acalypha (Euphorbiac, P5); 37(a~c): 

AlchorneaAlchornea (Euphorbiaceae, P3C3); 38(a, b): Croton (Euphorbiaceae, inaperturate); 

39(a-d):: Euphorbiaceae (P3C3); 40(a-c): Hyeronima (Euphorbiaceae, P3C3); 41(a-c): 

PsychotriaPsychotria (Euphorbiaceae, inaperturate); 42(a-c): Sapium (Euphorbiaceae, P3C3). 
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Platee 6. 43(a, b): Tetrochidium (Euphorbiaceae, P3C3); 44(a-c): Quercus (Fagaceae, 

C3);; 45(a, b): Casearia (Flacourtiaceae, P3C3); 46(a-c): Flacourtiaceae (P3C3); 47(a, 

b):: Chelonanthus (Gentianaceae, P3, tetrade); 48(a, b): Clusia (Guttiferae, P3C3); 

49(a,, b): Gunnera (Haloragidaceae, C3); 50(a, b): Iridaceae (CI); 5I(a, b): Juglans 

(Juglandaceae,, periporate); 52(a-c): Lamiaceae (C6). 
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Platee 7. 53: Bauhinia bicuspidata type (Fabac, P3C3); 54(a-c): Bauhinia reflexa type 

(Fabac,, P3C3); 55(a-c): Cassia (Caesalpiniac., P3C3); 56(a-c): Crotalaha (Fabac., 

P3C3);; 57: Dinizia (Caesalpiniac, P3C3); 58(a, b): Leguminosae psilate form, (c-f): 

Leguminosaee reticulate form (P3C3); 59(a-c): Macrolobium (Caesalpiniac, P3C3). 
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Platee 8. 60: Oryctanthus (Loranthaceae, C3); 61(a-c): Crenea (Lylhraceae, P3C3); 

62(a-c):: Byrsonima (Malpighiaceae, P3C3); 63(a, b): Malpighiaceae (periporate); 64(a-

c):: Malvaceae (periporate); 65(a-c): Melastomataceae (P3C6); 66{a, b): Guarea 

(Meliaceae,, P4); 67(a-c): Meliaceae (P4C4); 68(a, b): Menisspermaceae (P3C3). 
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Platee 9. 69(a, b): Mimosa pudica type (Mimosaceae, tetrade); 70{a, b): Mimosaceae 

(polyade);; 71: Cecropia (Cecropiac, P2); 72: Ficus (Moraceae, P2); 73(a, b): 

Moraceaee (P2); 74(a-c): Moraceae (P3); 75(a, b): Myrica (Myricaceae, P3); 76(a, b): 

VirolaVirola (Myristicaceae, CI); 77(a-c): Myrsine (Myrsinaceae, C4); 78(a-c): Myrtaceae 

(P3C3);; 79(a, b): Ludwigia (Onagraceae, P3); 80(a, b): Bocconia (Papaveraceae, 

periporate). . 
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Platee 10. SI: Passiflora (Pussïüoraceae, C6); 82(a. b): Piper (Piperaceae, CI); 83{a, b); 

PlantagoPlantago (Plantaginaceae, periporate); 84: Poaceae (PI); 85: Zea mays (Poaceae, PI); 

86(a,, b): Podocarpus (Podocarpaceae, bisaccate); 87(a-c): Polygalaceae 

(stephanocolporate);; 88{a-c): Rumex (Polygonaceae, P4C4). 
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Platee 11. 89(a-c): Proteaceae (P3); 90(a-c): Rhizophora (Rhizophoraceae, P3C3); 91(a-

c):: Alibertia (Rubiaceae, P3); 92(a-c): Borreria (Rubiaceae, stephanocolporate); 93(a, 

b):: Guettarda (Rubiaceae, P3-P4); 94(a-d): Rubiaceae (P3C3); 95(a, b): Spermacoce 

(Rubiaceae,, stephanocolpate); 96(a-c): Rutaceae (P4C4); 97(a-c): Zanthoxylon 

(Rutaceae,, P3C3); 98(a, b): Allophylus (Sapindaceae, P3); 99(a, b): Sapindaceae 

(P3C3);; 100(a, b): Sapotaceae (P3C3). 
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Platee 12. lOl(a-c): Solanaceae (P3C3); 102(a-c): Byttneria (Sterculiaceae, P3); 103(a-

c):: Sterculiaceae (P3C3); 104(a, b): Styrax (Stryracaceae, P3C3); 105(a, b): Symphcos 

(Symplocaceae,, P3); 106(a-c): Apeiba (Tiliaceae, P3C3); 107(a-c): Heliocarpus 

(Tiliaceae,, P3C3); 108(a-c): Tiliaceae (P3C3). 
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Platee 13. 109(a-c): Triumphetta (Tiliaceae, P3C3); 110(a, b): Typha (Typhaceae, PI); 

111 l(a-c): Celtis (Ulmaceae, P3); 112: Ülmus type (Ulmaceae. P3); 113(a, b): Aegiphila 

(Verbenaceae,, C3); 114(a, b): Verbenaceae (P3C3); 115(a, b): Vitex (Verbenaceae, 

C3);; 116(a-c): Cissus (Vitaceae, P3C3). Ferns: I(a, b): Pityrogramma (Adianthaceae); 

2(a,, b): Pteris (Adianthaceae). 
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Platee 14. 3(a, b): Cyatheaceae; 4<a, b): Cyathea horrida; 5(a, b): Grammitis 

(Grammiticaceae);; 6(a, b): Hymenophyllum (Hymenopyllaceae); 7(a, b): hoetes 

(Isoetaceae);; 8(a, b): Lophosoria quadripinnaia (Lophosoriaceae); 9(a, b): Lycopodium 

cuatrecasasiicuatrecasasii type (Lycopodiaceae); 10(a, b): Lycopodium curvatum type 

(Lycopodii  aceae). 





Platee 15. ll(a, b): Lycopodium foveolate type (Lycopodiaceae); 12(a, b): 

OphiogtossumOphiogtossum (Ophioglossaceae); 13: Setaginella (Selaginellaceae). 



12aa ^ - ^ 1 2 b 

2 5 j j mm 25jJm 

11a a 11b b 





WÊHBÊBSÊÊSÊÊÊ WÊHBÊBSÊÊSÊÊÊ 
fZ'W^Wjmtmmm-:''-fZ'W^Wjmtmmm-:''-


	Cover
	Titlepage
	Acknowledgements
	Contents
	1 Introduction
	2 Late Holocene environmental history of southern ChocŠ region, Pacific Colombia; sediment, diatom and pollen analysis of core El Caimito
	3 Mid-to late Holocene rain forest dynamics in ChocŠ: a synthesis based on three pollen records
	4 Palaeoenvironmental history of the Popay⁄n area since 27,000 yr BP at Timbio, southern Colombia
	5 Environmental change in the Colombian subandean forest belt from 8 pollen records: the last 50 kyr.
	6 Millennium-scale dynamics of northern Amazonian rainforest-savanna boudary; evaluation of solar forcing by wiggle match dating of core Margaritas
	7 Epilogue
	7 Zusammenfassung
	7 Epiloog
	Appendix
	Cover

