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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 Margaritas 

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. 
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Keyy words: Colombia, Llanos Orientates, palynology. savanna, paleoclimate. C wiggle-
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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 

125 5 



Millenium-scalcc dynamics of northern Amazonian rainforest-savanna boundary 

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). 
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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 

100 0 

2000 -

300--

400--

500--

600--

700 --

800--

900--

1000--

} } 
' ' 

 ' 

-f f 

 0-

(ó) ) 

r r 

- i — i — i — i — i i 
-50000 4000 -3000 

BC/AD D 

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 
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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 
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10545 5 

10546 6 
10683 3 

10271 1 
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420 0 

423 3 
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seeds s 

seeds s 

seeds s 

seeds s 
leaves s 

seeds s 

seeds s 

seeds/ / 
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seeds s 
seeds s 
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seeds s 

seeds s 

seeds s 
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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 
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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 variability 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 
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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 

139 9 



Millenium-scalee dynamics of northern Amazonian rainforest-savanna boundary 

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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