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ABSTRACT 

 
In the last few decades, we have been witness to unprecedented changes in 

precipitation and temperature.  Such alterations to our climate system have important 

implications for terrestrial ecosystems that billions of people depend on for their 

livelihood.  The situation is especially tenuous for those living directly off the landscape 

via resources from natural ecosystems or subsistence agriculture as in much of tropical 

Africa.  Studies of past climates provide potential analogues and help validate models 

essential for elucidating mechanisms that link changes in climate mean and variability 

and how they may affect ecosystem distribution and productivity.  However, despite the 

importance of the paleo-record for insight into the future, tropical proxy records are rare, 

low resolution, and too short to capture important intervals that may act as analogs, such 

as the Last Interglacial (MIS 5e; ~130-115ka).   

Long, high-resolution drill cores from Lake Malawi, southeast Africa, provide a 

record of tropical climate and vegetation that extends back ~1.2mya, comprising many 

continuous glacial-interglacial cycles.  My primary research involves conducting pollen 

analyses on these cores.  First, I analyzed a high-resolution interval of the shortest 

Malawi core in order to better understand abrupt vegetation transitions during the Last 

Deglaciation.  Further analysis was conducted on the longest Malawi core, beginning 

with an interval covering all of the Penultimate Glacial through the Last Interglacial.  The 

resultant pollen data has shown that abrupt, large-scale landscape transitions from forest 
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to desert follow local insolation and lake levels at the site, with a strong dependence of 

forest/woodland vegetation types on mean rainfall as well as rainfall seasonality. 

The interpretation of paleodata requires a good understanding of modern 

processes, thus another project has focused on using model simulations of the Last 

Interglacial and modern satellite NDVI time series to highlight dynamical and statistical 

relationships between vegetation and climate change.  This work suggests that despite 

suggested links between monsoon intensity and SSTs in the southern African tropics, 

insolation controls on atmospheric circulation are the primary drivers of vegetation 

reorganization.  In addition, this work highlights the importance of rainfall seasonality 

and dry season length in addition to precipitation controls on vegetation. 
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INTRODUCTION 

Anthropogenic greenhouse gas emissions are likely to change the climate system.  

Global circulations patterns and hydrology are already changing at rates unprecedented 

during the Holocene (IPCC, 2007).  In the tropics, poleward shifts of the jet stream and a 

wider yearly migration of the Intertropical Convergence Zone (ITCZ) have already been 

observed, resulting in an ongoing widening of the Earth’s dry zones (Lu et al., 2007; 

Seidel et al., 2007; Archer and Caldiera, 2008).  In additional to changes in mean 

hydrology, variability within the tropics caused by changes in ENSO and other climatic 

modes is likely to fundamentally alter environmental gradients in the tropics (Collins, 

2005; Marchant et al., 2006; Pohl et al., 2007; Chang et al., 2008). 

Vegetation within the tropics is strongly influenced by regional hydrology 

(Polhill, 1966; White, 1983), thus these alterations of mean state and variability are likely 

to have a profound effect on ecosystems.  In the semi-arid areas, where rainfall is low and 

interannual variability is high, vegetation is particularly sensitive to hydrologic 

fluctuations (Hély et al., 2006).  Although biotic factors, such as exploitation of resources 

by man and over-grazing of rangelands, have frequently been implicated as the primary 

cause of semi-arid vegetation degradation, recent studies suggest a much stronger role of 

climate in controlling productivity than previously imagined (Hermann et al., 2005).  

Studies have long shown the importance of mean annual precipitation; however, the 

influence of other climatic factors, such as variability of the rainy season, dry season, and 

atmospheric CO2 concentration, is still under much debate (Jolly and Haxeltine, 1998; 

Hély et al., 2006; Vincens et al., 2007; Wu et al., 2007; Guiot et al., 2008).  As a result, 
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great risk exists in the near future of the disappearance or degradation of such fragile 

ecosystems (IPCC, 2007). 

 Arid and semi-arid ecosystems such as grasslands, bushlands, and desert steppe 

are common throughout the continent (Polhill, 1966; White, 1983).  In these areas, 

rainfall is a strong driver of woody cover and vegetation productivity, highlighting the 

sensitivity of this vegetation (Sankaran et al., 2005).  Even outside the dry regions, Africa 

has been classified as a hot spot of biodiversity as a result of its extremely diverse 

Guineo-Congolian forests (Myers et al., 2000; Diffenbaugh and Giorgi, 2012).  The 

ecological importance of many of the most characteristic African biomes has been long 

remarked (Hamilton, 1982).  Biomes, like the Afromontane region, the Somali-Masai 

regional center, and Zambezian miombo woodland, display incredible levels of 

endemism (White, 1983).  Furthermore, the enormous extent of grasslands and semi-arid 

ecosystems in Africa plays an important role in the global carbon cycle which is likely to 

be crucial in the future for regulating atmospheric CO2 (Cox et al., 2013). 

 Further exacerbating these problems is that fact that, across the African continent, 

millions of people depend on ecosystem services for daily subsistence (WWF, 2000).  

Natural ecosystems and rain-fed agriculture both provide essential resources.  Therefore, 

threats to tropical vegetation make this region extremely vulnerable and have dangerous, 

costly implications for daily economy and subsistence (IPCC, 2007; Few et al., 2004).   

However, despite concerns for the future of African ecology and resource 

management, controversy has developed over how natural vegetation communities and 

cropland productivity will respond to altered atmospheric and oceanic circulation in the 
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future.  Furthermore, little infrastructure exists to mitigate these changes (Boko et al., 

2007; Brown and deBeurs, 2008).  In order to develop management and conservation 

strategies, it is first imperative that we understand how vegetation will respond to 

projected changes in hydrology, temperature, and CO2, particularly in at-risk ecosystems.  

Although some work has focused on modeling future vegetation ranges and vegetation 

responses to climate, uncertainty and biases in the parameterization of plant 

physiological/phenological processes and carbon/water fluxes makes basing these 

procedures solely on the current suite of models a challenge (Shevliakova et al., 2009; 

Dunne et al., 2012).  Thus in order to better understand how biomes and biodiversity will 

change in the future, better constraints need to be developed to link vegetation structure 

and composition to climate.   

Vegetation-Climate Interactions 
 

Two fundamental methods are employed in order to develop quantitative 

constraints on the interaction of climatic processes and vegetation dynamics.  Studies of 

modern ecological processes as well as vegetation change in the past capture variability 

on different temporal and spatial scales, and thus only the integration of both can truly 

hope to provide useful insights about the future.  The appendices of this dissertation 

employ both of these methods in the hopes of elucidating vegetation change across the 

African continent on time scales of years to millennia. 

The first of these methods involves studies of modern ecology utilizing 

techniques that directly or indirectly monitor the landscape and its response to climate.   

This method is limited in time to the observational period; however, networks of 



 13

vegetation surveys across wide spatial scales make this method ideal for revealing large-

scale regional coherency of vegetation response to climatic processes (Lovett et al., 

2005).  Additionally, the more recent usage of remotely sensed data to create products 

such as Leaf Area Index (LAI) or Normal Difference Vegetation Index (NDVI) allows 

for spatially continuous analysis at high resolution comparable with climate data and 

model output (eg. Brown and deBeurs, 2008; Brown et al., 2010). The use of 

observational ecological data has been integral in identifying biotic and abiotic processes 

that alter vegetation structure and composition (Hermann et al., 2005; Sankaran et al, 

2005).  The results of such studies are then integrated into models or used to validate 

processes in dynamical models that may then project climate scenarios into the future.  

This method is particularly well-adapted to discerning spatial patterns of variability; 

however, this method is limited in that it may only capture the response of vegetation to 

climate states that exist today.   

Climate in the future is likely to change to mean states and variability that don’t 

currently exist on Earth.  In order to understand vegetation responses to a larger range of 

climate states, studies of past vegetation studies can be conducted.  Additionally, 

paleoecological records are also essential for evaluating the performance of climate 

models used in IPCC projections for the future.  Within Africa, paleoecological records 

of vegetation come primarily from fossil pollen preserved in a variety of archives such as 

middens, outcrops, and marine and lake cores (e.g. Bonnefille, 2010; Beuning et al., 

2011; Chase et al., 2012).  Paleoecological data in tropical Africa have proved very 

useful in elucidating the factors influencing vegetation productivity and the importance of 
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climate-vegetation feedbacks to regional hydrology (e.g. Liu et al., 2006; Vincens et al., 

2007).  However, terrestrial vegetation data are scarce within the tropics for times prior to 

the Last Glacial Maximum (LGM), and most existing data beyond 21ka comes from 

either low-resolution marine cores or short, poorly dated records (Bonnefille, 2010; 

Dupont et al., 2011).  

 I have employed both of these methods as part of my dissertation research.  In the 

first and fourth appendices, remotely sensed NDVI and an Earth System Model are 

employed to investigate variability across broad spatial scales during the observational 

period and Last Interglacial Period. As a complement to this, the character of vegetation 

transitions in response to varied forcing is evaluated using terrestrial sediment core 

records across several glacial-interglacial cycles. 

Modern Afrotropical Vegetation 
 

 Vegetation distribution in Africa today is constrained by both biotic and abiotic 

factors (White, 1983). However, the large-scale distribution of biomes across the 

continent is controlled by climatic factors such as mean annual rainfall, dry season 

length, and temperature, which determine vegetation structure and phenology (Hamilton, 

1982; White, 1983).  The annual migration of the Intertropical Convergence Zone (ITCZ) 

imparts three broad rainfall zones.  A single rainy season occurs in northern and southern 

Africa with prolonged dry seasons the rest of the year, and a region with two distinct 

rainy seasons is located at the equator.  Toward the subtropics, regions of absolute desert 

occupy the Sahara and Kalahari/Namib, and finally very restricted areas in the northern 

and southern parts of the continent are dominated by winter rainfall (Nicholson, 1996).  
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These zones translate to similar vegetation regions.  Near the equator, in west central 

Africa, are dense tropical evergreen rainforests of the Guineo-Congolian region (White, 

1983).  In equatorial East Africa, a very different mosaic of dense forests and wooded 

grasslands prevails, with an opening gradient eastward into the Somali-Masai center of 

endemism in Kenya and Ethiopia.  To the north and south, gradients of decreasing 

rainfall and increasing dry season result in a dominance of deciduous woodlands, such as 

the Sudanian woodlands to the north and Zambezian miombo woodlands to the south 

(White, 1983).  Near 23ºN and 23ºS, degraded bushlands, shrublands, and steppe 

occurring  in the Sahel and Kalahari Highveld areas quickly grade into the absolute desert 

of the Sahara and Karoo-Namib, respectively (White, 1983).  On the northwestern and 

southwestern extremes, the bush and woodlands of the winter regions of the Cape and 

Mediterranean are found (White, 1983).  Finally, in the isolated mountainous regions 

within tropical Africa, afromontane forests and high-altitude grasslands are common 

(Hedburg, 1951). 

Although not much work has been conducted to date on ecological dynamics in 

Africa in comparison to other regions, some work has been done to separate the effects of 

biotic and abiotic processes (e.g. Hermann et al., 2005; Sankaran et al, 2005).  

Disturbance processes are clearly critically important in shaping the structure of 

vegetation assemblages.  These processes are often stochastic events; however, may also 

have links to climate.  Of these disturbances, fires and grazing are probably the most 

notable.  In the Zambezian miombo woodlands, which were a focus of the second and 

third appendices of this dissertation, grazing populations and frequent burning are 
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important for preventing the encroachment of forest in areas with high enough rainfall for 

denser climax communities and also have a pivotal role in maintaining the very uniform 

umbrella-like canopy structure of the landscape (Malmer, 2007). 

However, despite the importance of stochastic events and biotic factors for 

determining vegetation structure and composition, many studies have concluded that the 

overriding determinant of change across many biome types is a direct climatic effect 

(Hermann et al., 2005; Sankaran et al, 2005).  Rainfall, in terms of mean and variability, 

is by far the most cited reason for environmental change (Davenport and Nicholson, 

1993).   Remote sensing data shows a strong regional coherence in the correlation of 

vegetation variability to rainfall at the continental scale, despite heterogeneity on the 

landscape.  Additionally, studies have also suggested a strong control of ENSO and 

related tropical modes (Brown et al., 2010). 

Although the perception that rainfall amount, both yearly as well as rainy season 

amount, is the primary influence on vegetation, the climatic effect is in fact more 

complex.  New results from models and remotely-sensed vegetation indices suggest that 

the length of the dry season, although often coupled with changes in rainfall, plays an 

independent role in controlling vegetation (Hély et al., 2006).  Although this relationship 

varies from biome to biome, in all biomes except savanna, the increases in dry season 

length tend to exacerbate the effect of changing rainfall, resulting in transitions to drier 

biomes with small rainfall changes. 
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Paleoecology in Africa 

Paleoecological studies of past vegetation in Africa come principally from pollen 

analysis on archives such as middens, marine and lacustrine sediment cores, and outcrops 

(e.g. Livingstone, 1971; Van Zinderen Bakker and Coetzee, 1972; Bonnefille, 2010; 

Beuning et al., 2011; Chase et al., 2012).  Terrestrial sedimentary records are limited, 

because of the paucity of lakes in semi-arid and arid climatic regions.  Most records from 

on the continent which preserve a more proximal record of vegetation are short or 

punctuated by hiatuses.  Furthermore, beyond the LGM, records are very scarce.  

Vegetation in Africa was much different during the Tertiary than today due to 

warmer temperatures, fewer topographic boundaries, and more humid, homogeneous 

climatic zones throughout the equatorial region (Morley, 2007).  The trend to cooler 

global temperatures, increasing tropical aridity, and the initiation of East African rifting 

over the Cenozoic led to the marked N-S and E-W vegetation gradients that we see today 

(Bonnefille, 2010).  Although little data exists, the disappearance of the widespread 

evergreen forest seems to have occurred in a time-transgressive manner, beginning at 

around 10mya in East Africa and continuing in West Africa by about 7mya (Bonnefille, 

2010).  The spread of woodlands and grasslands occurred in several pulses, but it is clear 

that grasslands were already largely established by the beginning of the Quaternary, 

suggesting that broad characteristics of modern vegetation composition and structure 

were to a degree in place at this time (Cane and Molar, 2001; Bonnefille, 2010).  Thus, 

the last 2.6 million years of the Quaternary could be characterized more as one of long-
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term variability owing to waxing and waning ice sheets and varying orbital forcing on 

reshuffling vegetation assemblages. 

Records covering the pre-LGM are scarce; however, they have been important for 

illustrating large-scale variability of vegetation over the Quaternary to high and low 

latitude forcing (Dupont and Hooghiemstra, 1989; Blome et al., 2012).  In particular, 

these records have documented the large-scale expansion and mixing of afromontane 

forests into the tropical lowlands as well as the development of important ecological 

regions (Dupont et al., 2011).  These records suggest a clear relationship of forest to 

precession forcing as well as wet-dry cycles punctuated by intense aridity when the 

precessional effect is accentuated due to higher orbital eccentricity (Dupont et al., 2011).  

The greater availability of records covering the Holocene and late Pleistocene has 

put heavy emphasis on the response of vegetation to glacial-interglacial transitions as 

well as the impact of human occupation on the landscape.  These records have been 

integral, however, in providing insights into the biophysical limits of important taxa as 

well as climate-vegetation feedbacks, dry season length, and non-linear abrupt events 

(e.g. Liu et al., 2006, Vincens et al., 2007, Kropelin et al., 2008).   

The second and third appendices of this dissertation use high-resolution terrestrial 

records of vegetation in order to better understand both high and low latitude forcing on 

the tropical vegetation at Lake Malawi, southeast Africa.  Two deglacial intervals, the last 

Deglaciation (20-9ka) and the Penultimate Deglaciation (160-100ka), have been targeted 

due to their dramatically different orbital parameters in order to highlight the differences 

in vegetation transitions during different glacial terminations. 
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PRESENT STUDY 

The papers appended in this document (A-D) give thorough details of the locality, 

methods, results, and conclusions of each study.  These articles are formatted for 

publication in scientific journals.  Appendix B is published, Appendix A has been 

submitted for publication, and the last two (Appendices C and D) are prepared for 

submission.  These appendices are all multi-authored papers with me as the lead author 

and contributor.  The following provides a brief overview of each individual project. 

Appendix A 

In this study we related vegetation variability across sub-Saharan African to a 

variety of climatic indices in order to determine the drivers of productivity and change at 

high temporal and spatial resolution.  The GIMMS AVHRR Normalized Difference 

Vegetation Index (NDVI) data set was acquired covering a 21 year period (1980-2000) 

(Tucker et al., 2005).  African biome NDVI values range from 0.1 (grassland, bushland) 

to 0.6 (evergreen rainforest), and this data represents variability of vegetation cover and 

productivity on inter-annual time scales due a variety of both local and regional factors 

(Davenport and Nicholson, 1993; Hély et al., 2006).  Climate data for the identical period 

was also acquired in order to determine the relationship between climate and the NDVI 

time-series.  As many factors have been thought to influence African vegetation, both 

indices of oceanic and atmospheric variability were created based on previous studies 

(Hoerling et al., 2006; Seidel et al. 2008).   Spatio-temporal regression analysis was 

conducted by regressing 3 month means of the NDVI time-series on the climatic indices.  
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Finally, in order to better understand how these variables were inter-related, a principal 

components analysis was conducted.  

Our analysis showed that NDVI variability in Africa is primarily correlated with 

the inter-annual extent of atmospheric circulation related to the Intertropical Convergence 

Zone (ITCZ). Our results indicated that inter-annual variability of the ITCZ, rather than 

sea surface temperatures or teleconnections to mid/high latitudes, drives E-W and N-S 

patterns in African vegetation, resulting from the effects of insolation anomalies and 

ENSO events on atmospheric circulation.  Furthermore, alterations in the locations of 

convection and convergence throughout the tropics are mirrored by mid-latitude shifts in 

the jet stream which limit the penetration of Atlantic moisture into much of southern 

Africa. Global controls on tropical atmospheric circulation allow for spatially coherent 

reconstruction of inter-annual vegetation variability throughout Africa on many time-

scales.  Although vegetation in the Afrotropics has long been associated with mean 

annual or summer precipitation amount, the influence of the atmosphere on the length of 

the dry-season length plays an important, independent role. 

Appendix B 

At Lake Malawi, southeast Africa, drill cores were taken in 2005 from two sites: 

in the northern basin and in the central basin.  The mostly laminated sediments of the 

northern basin provide a well-dated, high-resolution record of climate and vegetation 

over the last ~80ka (Scholz et al., 2007; Brown et al., 2007). This study presents pollen 

analysis on the core from northern Lake Malawi over a 3 meter interval covering the 

Pleistocene/Holocene transition (~18-9ka), and is comparable with recent studies of local 
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vegetation from lowland sites reporting contrasting rainfall signals during the Younger 

Dryas (YD) (Vincens et al., 2007).  The Lake Malawi record tracks regional vegetation 

changes and allows comparison with other tropical African records observing vegetation 

opening and local forest maintenance during the YD.   

This study shows a gradual decline of afromontane vegetation at 18ka, following 

the Last Glacial Maximum.  Around 14.5ka, tropical seasonal forest and Zambezian 

miombo woodland became established.  At ~13ka, drier, more open formations were 

gradually established.  Although tropical seasonal forest taxa were still present in the 

watershed during the YD, this drought-intolerant forest type was likely restricted to areas 

of favorable edaphic conditions along permanent waterways.  The establishment of dry 

season-tolerant vegetation followed the reinforcement of southeasterly tradewinds 

resulting in a more pronounced dry winter season at ~11.8ka. The establishment of the 

driest, most open vegetation type was coincident with the lowstand at the beginning of 

the Holocene.  Contemporaneous maintenance of tropical seasonal forest during the YD 

and transition to more open woodland at the early Holocene is observed at other sides 

south of 4ºS until ~11.8ka (Vincens, 1989, 1991, 1993, 2005, 2007).  This suggests that 

despite local decreases in mean annual rainfall indicated by geochemical studies, a longer 

dry season resulting from a southward ITCZ is sufficient for sustaining denser vegetation 

during the YD (Castañeda et al., 2007).  This study demonstrates the importance of 

global climate forcing and local geomorphological conditions in controlling vegetation 

distribution. 
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Appendix C 

The central basin of Lake Malawi preserves a long sedimentary record of both 

regional climate and vegetation change.  Thus, the cores taken from Lake Malawi in 2005 

provide a unique terrestrial record of environmental change to both high and low latitude 

boundary conditions in tropical Africa for the last 1.2 Ma (Scholz et al., 2007; Cohen et 

al., 2007; Lyons, 2007).  Although the age model is still under-going refinement, in this 

study, we conducted pollen analysis on a 53 meter core interval that includes the 

Penultimate Glacial (PG) and the Last Interglacial (LIG).  The focus on this period allows 

us to investigate vegetation responses to observed high-amplitude wet-dry transitions in 

phase with local insolation modulated by high eccentricity as well as the penultimate 

glacial-interglacial transition.   

Pollen analysis on the longest Malawi core (MAL05-1B) extends the detailed 

record of East African vegetation back to ~160ka.  This interval reveals three large-scale 

oscillations between forest and degraded, open vegetation.   Although forest phases occur 

both in the lowlands and highlands of the watershed, succession during forest expansion 

as well as species composition differs during each phase.  In the earliest phases, there is a 

progressive expansion of tropical seasonal forest, miombo woodland, and afromontane 

arboreal taxa, indicating very dense but heterogeneous vegetation.  A final, relatively 

rapid shift to higher arboreal pollen taxa occurs following the first two phases.  However, 

although afromontane and woodland taxa return to higher values, moist, closed canopy 

tropical seasonal forest remains at low values for the rest of the interval.  Climate 

response surfaces were developed in order to determine environmental conditions 
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required for both lowland forest types (Watrin et al., 2007).  This analysis suggests that 

the final forest phase could not support expansive tropical seasonal forest due to a much 

longer dry season than previous phases.  

The intervening open phases are marked by extreme aridity and dramatic lake 

level regressions leading to the expansion of grasses, steppic herbs, and semi-desert trees 

(Lyons, 2007).  This vegetation assemblage, featuring taxa with Somali-Masai affinities 

such as Commiphora africana and Tribulus, is much drier than that found in the Malawi 

watershed today.  Changes in forest composition over this interval reflect some influence 

of global boundary conditions with more deciduous woodlands during what is likely the 

LIG (Beuning et al., 2011); however, the large-scale vegetation changes around the lake 

seem to occur at a higher frequency at what may be a response to insolation controls as a 

result of variable monsoon strength and seasonality during this period of high-amplitude 

climate variability. 

Appendix D 

The focus of Appendix D of this dissertation is vegetation and climate of the Last 

Interglacial period (LIG; 130-115ka).  This data and other studies suggest that African 

hydrology was very different than today with vegetation extending far into the Sahara 

and large-scale droughts in much of East Africa (Rossignol-Strick, 1983; Scholz et al., 

2007; Cohen et al., 2007; Verschuren et al., 2009).  Warmer temperatures during this 

time have led many to use this period as an analog for studying the environmental effects 

of future anthropogenic warming.  Paleodata have long suggested a strong connection 

between summer insolation and hydrology (Rossignol-Strick et al., 1983). Thus, as 
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orbital configuration was much different than today, it is therefore unclear whether the 

Last Interglacial can serve as an informative analog.  However, paleoclimate simulations 

are a powerful method of validating models used for future projections of environmental 

change, particularly Earth System Models (ESM), which rely not only on accurate 

representation of climate but also biogeochemical processes in the model. 

Here we use the GFDL ESM2M to simulate LIG climate and vegetation to investigate 

the effect of orbital configuration throughout Africa at a continental-scale (Dunne et al., 

2012a,b).  We observe that, though annual insolation and temperature anomalies are 

small, the increased amplitude of the seasonal insolation cycle in the northern hemisphere 

and a reversed seasonal inter-hemispheric thermal gradient result in large precipitation 

anomalies with respect to the present in both northern and southern Africa during the 

respective summer seasons.  Simulated biomes in areas of modern desert have markedly 

denser vegetation, consisting of grassland and wooded grassland, in the northern 

hemisphere as far as 20ºN.  These results are in agreement with paleodata, suggesting that 

Last Interglacial hydrology in Africa was primarily from atmospheric and oceanic 

circulation associated with the effect of insolation on the W. African monsoon and the 

ITCZ.  Observed shifts in loci of rising air masses that produce rainfall result not only in 

the reduction or increase of rainfall in certain locations, but also dramatically alter rainy 

season lengths and a modified seasonal cycle in much of North Africa.  This study 

suggests that the alteration of orbital configuration alone used as boundary conditions for 

the LIG simulations results in climate and vegetation that match the paleodata (Blome et 

al., 2012).  This means that the use of the LIG as a direct analog in tropical Africa to 
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future warming due to anthropogenic greenhouse gas emissions should be done with 

caution.  Also, this suggests that the parameterization of important processes within the 

model, particularly related to atmospheric circulations and carbon cycle, are well 

represented in ESM2M.   
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Key Points 
 

1. Atmospheric variability has a dramatic effect on tropical African vegetation. 
2. ITCZ position and intensity result from variations in insolation and ENSO. 
3. Both mean rainfall and dry season length are strong controls on tropical 

vegetation. 
 

Abstract 

 African climate is changing at rates unprecedented in the Late Holocene with 

profound implications for tropical ecosystems and the global hydrologic cycle. 

Understanding the specific climate drivers behind tropical ecosystem change is critical 

for both future and paleo-modeling efforts. However, linkages between climate and 

vegetation in the tropics have been extremely controversial.  The Normalized Difference 

Vegetation Index (NDVI) is a satellite derived index of vegetation with a high spatial and 

temporal resolution.  Here, we use regression analysis to show that NDVI variability in 

Africa is primarily correlated with the inter-annual extent of the Intertropical 

Convergence Zone (ITCZ). Our results indicate that inter-annual variability of the ITCZ, 

rather than sea surface temperatures or teleconnections to mid/high latitudes, drives 

patterns in African vegetation resulting from the effects of insolation anomalies and 

ENSO events on atmospheric circulation.  Global controls on tropical atmospheric 

circulation allow for spatially coherent reconstruction of inter-annual vegetation 

variability throughout Africa on many time-scales through regulation of dry-season 

length and moisture convergence, rather than precipitation amount. 
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Introduction 

Ecosystems and rain-fed agriculture provide essential resources to millions of 

Africans.  Threats to tropical vegetation related to rapidly changing climate make this 

region extremely vulnerable [IPCC, 2007] and have dangerous, costly implications for 

daily economy and subsistence [WWF, 2000; Few et al., 2004].  Despite these concerns, 

it remains uncertain how natural vegetation communities and cropland productivity will 

respond to altered atmospheric and oceanic circulation in the future, and little 

infrastructure exists to mitigate these changes [Boko et al., 2007; Brown and deBeurs, 

2008].    

Modern observational data and paleoclimate records are both powerful tools for 

understanding biosphere dynamics [Bradley, 1985].  Interpreting both types of records, 

however, is complicated by much uncertainty surrounding the question of what climatic 

mechanisms regulate African vegetation change today.  Such changes have been 

attributed to: insolation, mid-latitude teleconnections to high or mid-latitudes, 

vegetation/soil moisture feedbacks, ENSO, upper-level perturbations, sea surface 

temperature (SSTs), Hadley Cell intensity, and ITCZ excursions [Rossignol-Strick, 1983; 

DeMenocal and Rind, 1993; Nicholson and Selato, 2000; Hulme, 2001; Mercier et al,. 

2002; New et al., 2003; Nicholson and Grist, 2003; Anyah and Semazzi, 2004; Hoerling 

et al., 2006; Giannini et al., 2008, Chiang, 2009]. Therefore, studies of both past and 

future climate change create the need for quantitative constraints on the modern 

relationship between climate controls and vegetation.   
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Rainfall seasonality in tropical Africa is determined by the annual migration of large-

scale circulation systems like the ITCZ and Congo Air Boundary (CAB) [Nicholson, 

1996].   Summer rainfall occurs in southern and northern tropical Africa, and an 

equatorial bimodal regime lies in-between.  This simplistic model notwithstanding, the 

spatial heterogeneity of African vegetation indeed mostly results from regional controls 

on rainfall and dry-season length, in addition to local factors such as topography, lake 

effects, continentality, and SSTs of adjacent oceans [Nicholson, 1996].  Rainfall varies 

over kilometers from <200 to >2000 mm/year and dry season length from 0 to >6 

months.  While biomes range from tropical rainforest to open desert, Africa is dominated 

by semi-arid or other seasonal vegetation that is very sensitive to hydrologic variability 

[White, 1983].   As a result of the mosaic of influences, it is unclear whether vegetation 

variability is influenced more by large-scale forcing or local/regional changes and how 

variability of rainfall amount and dry season length may independently affect vegetation 

[Hély et al., 2006]. 

Satellite data provide continuous, high-resolution datasets of vegetation productivity 

and can help identify the direct relationship between vegetation and climate on global to 

local scales.  These data have previously been used to link climate modes and carbon 

drawdown to vegetation productivity in the northern hemisphere [Russell and Wallace, 

2004; Lotsch et al., 2005].  For this study, a 21-year 8km-resolution NDVI record (1980-

2000) from NOAA’s Advanced Very High Resolution Radiometer (AVHRR) has been 

used to reconstruct patterns of inter-annual vegetation variability throughout tropical 

Africa [Tucker et al., 2005].  Whereas studies in the tropics have linked NDVI to SST 
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and precipitation variability, the relative effects of atmospheric and oceanic variability at 

the continental-scale has not been addressed [Anyamba and Eastman, 1996; Anyamba et 

al., 2002; Martiny et al., 2006; Brown et al., 2010].  In this study, we have regressed 

NDVI fields on climatic variables previously proposed as possible regulatory 

mechanisms for Afrotropical vegetation [Rossignol-Strick, 1983; DeMenocal and Rind, 

1993; Nicholson and Selato, 2000; Hulme, 2001; Mercier et al,. 2002; New et al., 2003; 

Nicholson and Grist, 2003; Anyah and Semazzi, 2004; Hoerling et al., 2006; Giannini et 

al., 2008, Chiang, 2009].  Our results provide a new perspective on tropical climate-

vegetation interactions and show that variability within the African tropics is regionally 

coherent and strongly linked to global-scale forcing. 

Methods 

Normalized Difference Vegetation Index (NDVI), a satellite-derived index of 

absorbed red versus scattered near-infrared light, is highly correlated with vegetation net 

primary productivity.  African biome NDVI values range from 0.1 (grassland, bushland) 

to 0.6 (evergreen rainforest) [Davenport and Nicholson, 1993; Hély et al., 2006].  In this 

study we have used the 1980-2000 GIMMS AVHRR dataset of Tucker et al. (2005).  The 

statistical methods in this paper follow those of Russell and Wallace (2004).   The 

purpose of the study is to evaluate variability rather than trend in NDVI, so we chose a 

dataset and temporal range of data which has been used in similar studies linking 

vegetation to climate (Xu et al., 2010; Meng et al., 2011; Hountondji et al., 2009; 

Fabricante et al., 2009; Revadekar et al., 2012) and was also evaluated by Beck et al. 

(2011) and found to have the least error associated with temporal change.  Future work 
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will focus on the addition of the most recent decade of data and trends in NDVI linked to 

climate; however, this is outside of the scope of the current study. 

The relationship between climate and the NDVI time-series was then investigated.   

First, time-series of SSTs and indicators of ITCZ position and intensity were created for 

the period 1980-2000 to act as important climatic variables within the tropical 

atmosphere-ocean system (Supplementary Fig. 1).  To investigate variability in the 

summer season of both hemispheres, December-January-February (DJF) and June-July-

August (JJA) series were constructed for each variable.  SSTs are latitude-weighted mean 

values from the 1°x1° HadISST1 dataset [http://climexp.knmi.nl; Rayner et al., 2006] 

within regions of known importance for African rainfall (Southern Atlantic, 0-20°S, 

10°E-10°W; North Indian Ocean, 15-25°N, 55-75°E; South Indian Ocean, 16-30°S, 36-

48°E) [Hoerling et al., 2006].  ITCZ indicators were chosen based on Seidel et al. (2008) 

and include the first empirical orthogonal function (EOF) of 1) 200mb geopotential 

height (200MH), 2) outgoing longwave radiation (OLR), and 3) incoming shortwave 

radiation (insolation) constructed using NCEP/NCAR Reanalysis data 

[http://www.esrl.noaa.gov/psd/, Kalnay et al., 1996] within tropical Africa (23°N-23°S, 

0-40°E; Figure 1).  EOFs are a statistical method allowing us to extract the most 

important variability over a broad spatial scale.  This technique was used for the ITCZ 

indicator time-series as these variables were reconstructed over the whole of the tropics, 

including areas north and south of the equator.  Unlike the SST time-series, a simple 

average would not be representative of variability in both hemispheres at once.   
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Following the established methods of Russell and Wallace (2004), 3-month mean 

NDVI fields were regressed on all climatic variables.  Regression coefficients displayed 

on the resultant regression maps are the slope of the regression relationship between 

NDVI and each variable, such that each point represents the NDVI anomaly for one 

standard-deviation of each time-series. Thus, this study provides a regionally coherent 

and direct quantitative relationship of climate and vegetation.   

Next, in order to evaluate the main components of variability in the tropical ocean-

atmosphere system and the relationships between variables, we performed a principal 

components analysis (PCA) on all climatic variables discussed above.  Loadings for the 3 

significant axes are presented in Supplementary Table 1, and plots of all time-series can 

be found in Supplementary Figure 1.   

To attribute the patterns observed in the regressions, a time-series of Southern 

Oscillation Index (SOI) was obtained from NOAA Climate Prediction Center 

(http://www.cpc.ncep.noaa.gov/data/indices/).  In addition, a new time-series of southern 

(10-20°S; 0-40°E) and northern hemisphere (10-20°N; 0-40°E) dry days (days/year with 

< 0.5mm rain) was created from ERA-40 precipitation data [http://badc.nerc.ac.uk/view/ 

badc.nerc.ac. uk__ATOM__ dataent_ECMWF-E40; Uppala et al., 2005] to evaluate the 

effect of dry season length. 

Canonical correspondence analysis (CCA) was used to test the statistical significance 

of similarity between regression patterns.  Significance of individual regression patterns 

was determined by a Monte Carlo test.  First, the latitude-weighted mean covariance was 

calculated for each pattern.  This was then compared with mean covariance produced by 
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10,000 regressions of random standardized time-series and takes into account time-series 

auto-correlation. 

Finally, in order to compare the NDVI regression patterns to changes in tropical 

circulation, 1980-2000 NCEP/NCAR Reanalysis 500mb vertical velocity 

(http://www.esrl.noaa.gov/psd/) was obtained.  500mb vertical velocity shows areas of 

rising (negative numbers) and subsiding (positive numbers) air masses at the middle of 

the troposphere related to rainy or dry conditions, respectively.  All climatic variables 

yielding statistically significant covariance in the NDVI regression were then correlated 

with the vertical velocity fields and compared with NDVI anomaly patterns. This analysis 

allows us to better understand how vegetation patterns may be related to atmospheric 

variability. 

Results and Interpretation 

The vegetation and climate relationship was investigated by regressing 3-month 

means of NDVI on all time-series (Table 1).    The ITCZ indicators consistently show 

higher values of mean covariance than the SST time-series. Both JJA and DJF insolation 

time-series show significant covariance within the same season.  The JJA OLR time-

series yields the highest covariance observed (0.0183) within the same season.  Although 

no other 3-month period produces a mean covariance with greater than 95% significance, 

a few nearly significant values are also observed during the short and long rain seasons 

(MAM and OND) for both 200MH and OLR.  In contrast, covariance produced by SSTs 

is low and never reaches significant values (Table 1).  This suggests that inter-annual 

vegetation variability is strongly controlled by atmospheric circulation.   
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The patterns yielded by regressing NDVI on DJF and JJA insolation within the same 

season are shown in Figures 2a and 2b.  The DJF map shows a strong positive anomaly in 

southeast Africa with a negative anomaly in all other regions, especially marked in North 

and South Africa.  The JJA map is similar but with signs reversed, showing a negative 

anomaly in East Africa and a strong positive anomaly persisting in North Africa. 

Additionally, another positive anomaly stretches from the Indian to the Atlantic coast in 

southern Africa.   

The pattern yielded by regressing NDVI on JJA OLR within the same season is 

shown in Figure 3a.  The JJA regression map shows a band of strong negative anomaly 

running zonally from 10°N to 15°N, a second weaker negative anomaly in South Africa, 

and a positive anomaly in the equatorial region.   

Principal Components Analysis of Climatic Variables 

In order to investigate the main components of variability within the entire system 

and interrelation of these climatic variables, a PCA was performed.  The PCA resulted in 

three significant axes, explaining 60.0% of the variance (Table 1). A biplot with loadings 

of the first two axes shows that nearly half of the variance is explained by the first two 

PCs which load strongly on the ITCZ indicators (Figure 4; Supplementary Table 1).  

PC1 (23.8% variance) loads strongly on JJA insolation (0.46) and contrasts with DJF 

insolation (-0.43) (Figure 4).  In this 21-year record, insolation changes are the result of 

variation in solar irradiance, which show a strong negative correlation between seasons (r 

= -0.812; p-value<0.001). This illustrates the anti-phased nature of summer insolation 

anomalies. This PC suggests the existence of an inter-hemispheric gradient such that, for 
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a given year, high summer insolation in one hemisphere corresponds to lower summer 

insolation in the opposite hemisphere. The role of insolation is likely much greater on 

longer time-scales (e.g. Milankovich) when lower frequency, high-amplitude fluctuations 

occur.   

PC2 (20.4% variance) loads strongly on 200MH in both seasons (DJF = 0.426; JJA = 

0.369) and contrasts with both seasons of OLR (DJF = -0.460; JJA = -0.312; Figure 4).  

The biplot supports the notion that the variables are positively correlated between season 

(200MH: r =0.82, p<0.001; OLR: r =0.43, p=0.05) and negatively correlated with each 

other (DJF: r =-0.631, p=0.001; JJA: r =-0.262, p=0.13).  OLR is a metric of atmospheric 

water vapor content, with high values recorded on cloudless days.  In contrast, high 

values of 200MH indicate deep tropospheric convection producing tropical storms, 

whereas low values indicate a more stable, stratified troposphere [Seidel et al, 2008].  

Thus, PC2 suggests that higher 200MH is coincident with lower OLR throughout the 

tropics.  Furthermore, the EOFs for each variable are similar, showing larger anomalies 

toward the subtropics, indicating a more exaggerated effect in these regions (Figure 1).   

All three significant PCs show an important contribution of variance from the SST 

time-series (Supplementary Table 1).  In addition to insolation and OLR, PC1 loads on 

DJF and JJA North Indian (-0.3598, -0.3167) and JJA South Indian SST (-0.3371), while 

PC2 shows a very high contribution from DJF South Indian SST (0.3413).  PC3 (15.8%) 

loads most strongly on Atlantic Ocean variability in DJF (0.440) and JJA (0.388) 

(Supplementary Table 1).  SST variability in these regions is often considered important 

for rainfall patterns throughout Africa [Hoerling et al., 2006]. Although the PCA 
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suggests that SST have a strong role in driving the atmosphere-ocean system and the link 

between rainfall and SST is well known, no strong relationship exists between SST and 

NDVI (Table 1).   

Discussion 

Dry Season and Drought Stress 

The regression maps produced by DJF and JJA insolation illustrate the effect of the 

inter-hemispheric insolation gradient on circulation within the tropical atmosphere with 

no lag (Figure 2).  Both patterns are significantly similar; however, the anomalies are of 

opposing sign due to the anti-phased relationship between the insolation time-series.  

This means that when JJA insolation is high, DJF insolation is low that same year, and 

suggests that a reversal of the insolation gradient produces a vegetation response of 

opposing sign. 

Tropical insolation may affect vegetation through two mechanisms: enhanced rainfall 

or evapotranspiration.  As the positive anomalies for both regression maps occur in the 

summer hemisphere when insolation is high, it is unlikely that this pattern is created by 

greater evaporation (Figure 2).  These patterns are instead linked to summer rains, whose 

position and intensity are determined by insolation.  This could be related to intensified 

Hadley circulation and therefore greater summer rainfall.  Although this does explain 

positive anomalies for both JJA and DJF in much of the summer hemisphere, a marked 

DJF negative anomaly in part of southern Africa during it summer season contradicts this 

(Figure 2a).  Greater summer precipitation alone cannot fully explain this pattern. 
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Instead, we propose that these patterns are related to excursions northward or 

southward of ITCZ mean position.  With high JJA insolation, positive anomalies would 

be expected throughout North Africa in both seasons as a more northward ITCZ causes 

the growing season to begin early and rainfall to extend northward [Brown and deBeurs, 

2008].  With high DJF insolation, the situation is reversed and the ITCZ is southward.  In 

order to localize the position of ITCZ-related convection, 500mb vertical velocity fields 

were correlated with DJF and JJA insolation (Figure 5). Vertical velocity is a metric of 

vertical motion in the atmosphere with negative values indicating convection; therefore, a 

negative (positive) correlation indicates enhanced (reduced) convection with increasing 

insolation.  In DJF, a band of negative correlation extends southeastward from -10°S to -

40°S, south of the mean position, suggesting a more southerly position of convection 

when DJF insolation is high (Figure 5b).  In JJA, negative correlation is observed 

beginning near the mean position centered around 7°N, but extends much further 

northward (Figure 5d).  This suggests that convection is stronger and more northward 

when JJA insolation is high.  

In DJF, a positive anomaly in southeast Africa agrees with a southerly ITCZ bringing 

more rainfall and lengthening the growing season; however, a strong negative anomaly 

persists south of 20°S (Figure 2a).  In East Africa, a meridional component of the ITCZ 

develops in DJF, the CAB, extending from Namibia northeastward.  The CAB represents 

the convergence of dry air originating from the northern Indian Ocean with moister air 

masses from the Congo and southern Atlantic Ocean.  Eastward moisture penetration 

from the Atlantic is important for driving rainfall in East Africa during the southern 
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hemisphere rainy season [McHugh, 2004].  The correlation of DJF insolation with 500mb 

vertical velocity suggests that a southward shift of tropical circulation is mirrored by a 

southward shift of the semi-permanent South Atlantic anti-cyclone, an area of positive 

correlation west of southern Africa (Figure 5b).  This results in reduced convection on the 

western side of the CAB leading to greater eastward Atlantic moisture penetration during 

DJF, and promoting a wetting in southeast and drying in southern Africa consistent with 

the DJF NDVI pattern.  When DJF insolation is low, a northward ITCZ and South 

Atlantic anti-cyclone block Atlantic moisture from penetrating further eastward (Figure 

5b). 

ITCZ displacement alters the length of the growing and dry seasons which in turn 

affects vegetation [Brown and deBeurs, 2008].  A time-series of southern (10-20°S; 0-

40°E) and northern hemisphere (10-20°N; 0-40°E) dry days (days/year with < 0.5mm 

rain) was created as a metric for the effect of dry season length on vegetation.  Figures 2c 

and 2d show the regression maps yielded by regressing DJF and JJA NDVI on southern 

and northern hemisphere dry days, respectively.  Both patterns are significantly similar, 

but of opposing sign, to their DJF and JJA insolation counterpart (Figure 2).  This 

suggests that higher insolation displaces the ITCZ toward the summer hemisphere and 

produces a shorter dry season and a longer growing season leading to increased 

vegetation productivity (Figure 6a).   

Studies of hydrology typically focus around mean annual precipitation (MAP); 

however, vegetation productivity is a function of effective moisture [Nicholson, 1986]. 

We propose that insolation controls vegetation productivity through two mechanisms 
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when summer insolation is high: greater rainfall intensity and shorter dry season length 

due to a displacement of the ITCZ and subtropical anti-cyclones toward the summer 

hemisphere.  Although enhanced convective precipitation associated with high summer 

insolation may help drive these vegetation anomalies, the relationship connecting rainy 

season productivity to the length of the preceding dry season should not be ignored. This 

is consistent with modeling results of Hély et al. (2006), demonstrating increased 

sensitivity of semi-deciduous and deciduous biome types to changes in dry season length. 

Hadley Circulation and ENSO 

The JJA OLR regression pattern results from changes in atmospheric circulation of 

the same sign throughout the tropics (Figures 1 and 3). Although the 200MH time-series 

never yields covariance values with greater than 90% significance, the PCA biplot 

suggests an important anti-phase relationship between these two variables (Figure 4).  

When 200MH is high, OLR is low.  In addition, both EOF plots imply that anomalies are 

greater toward the subtropics (Figures 1).  

The ITCZ can vary in intensity, mean position, and width [Nicholson, 1996].  The 

equator-subtropics OLR gradient as observed in the EOF suggests that the vegetation 

response in JJA is related to tropical belt width (Figure 1).  Thus the negative anomalies 

near the subtropics and positive anomalies near the equator are due to a narrower ITCZ 

during summers when OLR is high (Figure 3).   This is supported by correlation of JJA 

OLR with JJA 500mb vertical velocity.  Figure 5f shows a positive correlation, indicating 

reduced convection, covering much of northern and central Africa.  This would dry the 

subtropics and wet the equatorial region as the ITCZ doesn’t reach as far north.  This is 
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further supported by positive vegetation anomalies persisting even in the southern 

hemisphere during the JJA dry season, suggesting that enhanced precipitation near the 

equator influences vegetation into the dry season. This is perhaps the result of enhanced 

starch storage, common in southern African woody plants in years with a wetter, more 

productive rainy season [Rutherford, 1984].  Although the regression yields a 95 % 

significant value only in northern hemisphere summer, numerous 90% significant values 

for regression of 200MH and OLR suggest that this relationship maybe also exist for the 

short and long rainy season (MAM and OND) as well as the southern hemisphere 

summer (DJF; Table 1).  

Such changes in atmospheric circulation throughout the tropics may suggest a link to 

large-scale climate variability. Regression of SOI on JJA NDVI produces a pattern that is 

significantly similar to JJA OLR (Figure 3).  This supports many studies linking ENSO to 

vegetation and rainfall anomalies throughout Africa [Anyamba and Eastman, 1996; 

Nicholson and Selato, 2000; Philipon et al., 2007]. Higher 200MH throughout the tropics 

during ENSO events is consistent with results of our PCA, showing an anti-phased 

relationship between OLR and 200MH [Camberlin et al., 2001]. Furthermore, ENSO 

warm-event years (1988, 1999) on the PCA biplot occur near the positive end of the 

second axis near both seasons of 200MH (Figure 4). Cold events, associated with higher 

OLR and lower 200MH, would produce a similar pattern to Figure 3a.  During warm 

events, the relationship is reversed when OLR is lower. 

Our study points to a strong, direct link between atmospheric circulation during 

ENSO events and African vegetation variability [Schreck and Semazzi, 2004].  Since SOI 
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is calculated based on surface pressure, rather than SST anomalies, we observed that the 

immediate effect of ENSO on African vegetation is not related directly to SSTs but rather 

atmospheric height anomalies.   The north-south symmetry of the OLR and SOI patterns 

in NDVI is consistent with studies illustrating the effect of cold events on the ITCZ that 

promote reduced convergence at the northern and southern extremes during rainy seasons 

(Figure 6b) [Janicot, 1997].   

Conclusions 
 

Despite heterogeneous MAP and vegetation, global atmospheric controls on the ITCZ 

have a strong influence on inter-annual vegetation variability throughout Africa.  Rainy 

season moisture convergence and dry season length have a profound effect on vegetation 

in both northern and southern tropical Africa. In contrast, commonly cited mechanisms, 

like SSTs, do not exhibit a strong connection. 

ITCZ variability and the African hydrologic budget are tightly connected to 

ENSO and insolation on short and long time-scales (Figure 6).  High summer insolation 

produces ITCZ excursions resulting in a shorter dry season and positive vegetation 

anomalies in the summer hemisphere (Figure 6a).  Higher atmospheric heights and a 

wider tropical belt during warm ENSO events result in a symmetrical vegetation pattern 

centered about the equator (Figure 6b).   

Although we support the suggestion that ENSO is the dominant mode of 

variability in the African tropics, our study points to a strong, direct link between 

atmospheric circulation, rather than SSTs, and vegetation productivity [Schreck and 

Semazzi, 2004].  1/3 of the African population lives in semi-arid regions dependent on 
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natural and rain-fed agricultural resources especially sensitive to variability [IPCC, 

2007].  It is yet unknown how ENSO frequency and amplitude will change with future 

warming [Collins et al., 2005; Yamaguchi and Noda, 2006]; however, it will almost 

certainly have a dramatic effect on African vegetation.  Although the latest generation of 

climate models accurately simulate many aspects of atmospheric dynamics, inaccuracies 

of ENSO behavior and the ITCZ will hinder accurate predictions of future vegetation 

change, effects of tropical vegetation on the carbon and hydrologic cycles, and 

simulations of past vegetation dynamics.  

Despite the small amplitude changes over the time period studied (~0.25W/m2 or 

.018%) [Shindell et al., 2006], insolation has a marked effect on tropical atmospheric 

circulation and vegetation productivity.  The effect of insolation on short time-scales has 

been little investigated despite suggestions that very small solar irradiance changes may 

influence tropical rainfall patterns [Shindell et al., 2006]. On longer time-scales, high-

amplitude insolation variability is likely the primary mechanism of Afrotropical 

vegetation change.  This supports the many studies showing large-scale ecological and 

hydrologic changes in Africa that follow the beat of insolation [Rossignol-Stick, 1983; 

Partridge et al., 1997; Cohen et al., 2007; Verschuren et al., 2009].   

Our analyses suggest that today ITCZ width is mostly controlled by ENSO 

variability, but future warming may also affect ITCZ width.  A warmer atmosphere from 

anthropogenic forcing results in higher 200MH and wider migrations, wetting the 

outskirts of the tropics and drying the equatorial region.  Seidel et al. (2008) have already 

documented this widening of the tropics. This has particular implications, such as crop 
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failure and desertification, for semi-arid vegetation that is extremely sensitive to changes 

in dry season length [Hely et al., 2006; McClean et al., 2005].   

In addition, southern Africa depends on the placement of mid-latitude westerlies and 

semi-permanent anti-cyclones determining the eastward penetration of moisture into 

sensitive semi-arid areas like East Africa [McHugh, 2004].  Recent studies suggesting a 

pole-ward westerlies displacement as the atmosphere warms imply that these regions 

could see a marked drying as moisture needed to drive convergence may no longer be 

available [McCabe et al., 2005].   

In much of Africa, nothing is more important to human lives and livelihoods than the 

seasonal rains following the sun each year and the plants sustained by this rainfall.  

Although the human relationship with plants has changed over time in Africa, the over-

arching climate mechanisms controlling landscape distribution and productivity have not. 

The quantitative constraints we provide here may give some insight concerning how 

climate change will and did affect the distribution of important ecosystems and the 

climate regimes under which crops thrive.   
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Figures 
 
Figure 1.  Leading EOFs used to produce time-series for: a) DJF and JJA Insolation, b) 

DJF and JJA OLR, c) DJF and JJA 200mb geopotential height (200MH).   
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Figure 2. NDVI regressions on Insolation and Dry Days with mean covariance (COV) as 

displayed in Table 1 in bottom right of each panel.  a) Regression map of DJF NDVI on 

DJF insolation, b) regression map of JJA NDVI on JJA insolation, c) regression map of 

DJF NDVI on southern hemisphere dry days, d) regression map of JJA NDVI on 

northern hemisphere dry days. ** indicates 99% confidence, and * represents 95% 

confidence. 
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Figure 3.  NDVI regressions on OLR and SOI with mean covariance (COV) as displayed 

in Table 1 in bottom right of each panel.   a) Regression map of JJA NDVI on JJA OLR, 

b) regression map of JJA NDVI on DJF SOI.  ** indicates 99% confidence, and * 

represents 95% confidence.  
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Figure 4. Axes 1 and 2 for PCA of all standardized climate time-series with loadings of 

all variables.  Red dots represent the loadings of individual years with years of warm 

ENSO events (1988, 1999) during marked in italics. 
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Figure 5.  African mean vertical velocity fields and correlations on climate variables.  a) 

mean 1980-2000 DJF 500mb vertical velocity field, b) DJF 500mb vertical velocity field 

correlated with DJF insolation, c) mean 1980-2000 mean JJA 500mb vertical velocity 

field, d) JJA 500mb vertical velocity field correlated with JJA insolation, e) mean 1980-

2000 JJA 500mb vertical velocity field, f) JJA 500mb vertical velocity field correlated 

with JJA OLR.  Bold contours on correlation plots are significant to 95%.   
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Figure 6.  Location of ITCZ (cloud position) and generalized patterns of vegetation 

anomalies (green = positive, brown = negative).  These patterns are created by a) 

insolation variability producing vegetation anomalies which are anti-phased between the 

north and south hemispheres due to ITCZ excursions, and b) OLR/200MH variability 

producing vegetation anomalies which are symmetrical about the equator due to ITCZ 

width changes. 
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Tables 

Table 1.  Covariance of climate variable regressions.   

Latitude-weighted mean covariance of regression maps for 3-month means of African 

NDVI.  ** values are significant to 99% and * values are significant to 95%.  † values are 

significant to 90%. 

 

NDVI 
DJF 

200MH 
JJA 

200MH DJF OLR JJA OLR DJF 
Insolation 

JJA 
Insolation 

DJF 0.0095 0.0128 0.0069 0.0101 0.0155* 0.0106 
JFM 0.0093 0.0130† 0.0069 0.0085 0.0117 0.0079 
FMA 0.0104 0.0131† 0.0068 0.0094 0.0105 0.0083 
MAM 0.0122 0.0121 0.0085 0.0097 0.0104 0.0091 
AMJ 0.0120 0.0120 0.0098 0.0082 0.0099 0.0098 
MJJ 0.0118 0.0116 0.0113 0.0080 0.0104 0.0110 
JJA 0.0082 0.0111 0.0132† 0.0183** 0.0127 0.0141* 
JAS 0.0076 0.0108 0.0098 0.0118 0.0113 0.0111 
ASO 0.0081 0.0128 0.0098 0.0134† 0.0106 0.0084 
SON 0.0081 0.0129† 0.0103 0.0135† 0.0121 0.0089 
OND 0.0085 0.0133† 0.0111 0.0135† 0.0130† 0.0091 
NDJ 0.0082 0.0132† 0.0102 0.0116 0.0131† 0.0123 

       

NDVI 
DJF 

Atlantic 
JJA 

Atlantic 
DJF S. 
Indian 

JJA S. 
Indian 

DJF N. 
Indian 

JJA N. 
Indian 

DJF 0.0083 0.0108 0.0083 0.0083 0.0107 0.0089 
JFM 0.0083 0.0080 0.0082 0.0075 0.0094 0.0083 
FMA 0.0083 0.0083 0.0082 0.0076 0.0084 0.0084 
MAM 0.0091 0.0096 0.0086 0.0079 0.0091 0.0091 
AMJ 0.0094 0.0103 0.0084 0.0080 0.0088 0.0098 
MJJ 0.0108 0.0111 0.0090 0.0083 0.0088 0.0107 
JJA 0.0121 0.0095 0.0092 0.0105 0.0106 0.0139† 
JAS 0.0126 0.0091 0.0085 0.0104 0.0098 0.0120 
ASO 0.0130† 0.0093 0.0086 0.0094 0.0088 0.0107 
SON 0.0118 0.0100 0.0092 0.0085 0.0100 0.0098 
OND 0.0107 0.0107 0.0113 0.0094 0.0101 0.0097 
NDJ 0.0104 0.0110 0.0103 0.0108 0.0094 0.0114 
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Supplementary Material 
 
Supplementary Figure 1. Time series and PC plots   

a) Standardized time series for atmospheric and SST variables used in principal 

components analysis. b) Three significant principal components used for regression 

analysis and the variance explained by each. c) Standardized time series of indices and 

environmental variables not used in PCA. 
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Supplementary Table 1. PC loadings   

Loadings of all standardized time series on all three principal components. Bold values 

indicate the strongest loadings for each. 

 

 

Variable PC1 PC2 PC3 
DJF Incoming 

Shortwave 
Radiation 

-0.4346 -0.1191 -0.3496 

DJF Outgoing 
Longwave Radiation -0.2786 -0.4597 0.2718 

DJF 200mb 
Geopotential Height 0.2838 0.4258 0.1278 

DJF Southern 
Atlantic SST 

-0.2265 0.1654 0.4402 

DJF Southern 
Indian SST 

-0.0291 0.3413 -0.2830 

DJF Northern Indian 
SST -0.3598 0.2890 0.0414 

JJA Incoming 
Shortwave 
Radiation 

0.4555 -0.0975 0.2405 

JJA Outgoing 
Longwave Radiation 0.1569 -0.3120 0.3791 

JJA 200mb 
Geopotential Height -0.0500 0.3689 0.2795 

JJA Southern 
Atlantic SST 

-0.1513 0.2989 0.3880 

JJA Southern Indian 
SST 

-0.3371 -0.1369 0.2853 

JJA Northern Indian 
SST -0.3167 0.1214 0.0199 
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Abstract 

Fossil pollen analyses from northern Lake Malawi, southeast Africa, provide a high-

resolution record of vegetation change during the Pleistocene/Holocene transition (~18-

9ka).  Recent studies of local vegetation from lowland sites have reported contrasting 

rainfall signals during the Younger Dryas (YD).  The Lake Malawi record tracks regional 

vegetation changes and allows comparison with other tropical African records identifying 

vegetation opening and local forest maintenance during the YD.  Our record shows a 

gradual decline of afromontane vegetation at 18ka.  Around 14.5ka, tropical seasonal 

forest and Zambezian miombo woodland became established.  At ~13ka, drier, more 

open formations gradually became prevalent.  Although tropical seasonal forest taxa were 

still present in the watershed during the YD, this drought-intolerant forest type was likely 

restricted to areas of favorable edaphic conditions along permanent waterways.  The 

establishment of drought-tolerant vegetation followed the reinforcement of southeasterly 

tradewinds resulting in a more pronounced dry winter season after ~11.8ka. The onset of 

the driest, most open vegetation type was coincident with a lake lowstand at the 

beginning of the Holocene.  This study demonstrates the importance of global climate 

forcing and local geomorphological conditions in controlling vegetation distribution. 

 

Keywords : Lake Malawi, palynology, Younger Dryas, deglaciation, ITCZ, pollen, 

tropical Africa 
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Introduction 

The African Tropics, which today play a major role in the global hydrological cycle, 

have undergone tremendous changes over the last 20,000 years (Gasse, 2000).   As the 

distribution of tropical African vegetation is largely constrained by regional hydrology, 

past climate changes are often associated with reorganizations of biome distribution 

(Gajewski et al., 2002; Gasse et al., 2008).  However, vegetation response to climate 

change is poorly understood.  Southeast African vegetation is particularly sensitive to 

changes in precipitation and rainfall seasonality (Hely et al., 2006) resulting from 

complex interactions between the African Monsoon, Intertropical Convergence Zone 

(ITCZ), and Congo Air Boundary (CAB; Fig. 1; Leroux, 2001). Changes in regional 

vegetation recorded in high-resolution lake sediment cores can serve as a useful tool for 

deciphering long-term as well as abrupt seasonal changes in these important circulation 

patterns. 

Though paleoclimate and vegetation records in tropical African during the last glacial 

termination are in close agreement until ~13ka, changes during the YD interval are 

unclear and vary regionally (Gasse et al., 2008).  In much of North Africa, an abrupt 

return of aridity is observed resulting from a southward ITCZ displacement, and 

vegetation cover was greatly reduced (Hooghiemstra, 1988; Zhao et al., 2000). In 

contrast, rainforests remained significant until the early Holocene in coastal southwestern 

Africa (Dupont and Behling, 2006).    

Multi-proxy analysis of sediments covering the YD chronozone (13-11.8ka) from 

Lake Malawi (9-14oS) have suggested a return to drier, cooler conditions and intense 
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northeasterly (NE) tradewinds (Powers, 2005; Barker et al., 2007; Brown et al, 2007; 

Castañeda et al., 2007; Filippi and Talbot, 2005; Woltering et al., 2011).   Although this 

points to climatic conditions in southeast Africa similar to those further north, the 

vegetation record of the YD in southeast Africa is not as straightforward.  Recent studies 

from Lake Masoko (9o20’S; 840m asl; Fig. 1), a small maar lake within the Lake Malawi 

watershed located less than 100km from the northern lakeshore, document an expansion 

of tropical seasonal forest during the YD corresponding with a shortened dry season 

(Garcin et al., 2006, 2007; Vincens et al., 2007a).    

Because of the small size (<1km2) and morphometry of Lake Masoko, it is difficult to 

differentiate local (<1km2) from regional (> 1km2) signals in the pollen record.  In order 

to understand the local increase in drought-intolerant forest given regionally drier 

conditions, comparison with a regional vegetation record is essential. However, until now 

Lake Masoko has provided the only continuous high-resolution record of vegetation 

capable of capturing abrupt events in southeast Africa during this climatic transition.   

Lake Malawi drill core MAL05-2A sediments provide a continuous, high-resolution 

record of changing vegetation in a large watershed (65,000km2) from 18-9ka, which 

make this record conducive for capturing both rapid and gradual environmental changes 

at a regional scale (Brown et al., 2007).  Lake Malawi is located at the modern southern 

extent of the ITCZ, rendering it climatically sensitive to shifts in atmospheric circulation 

observed by previous studies of the Lake Malawi Scientific Drilling Project (Fig. 1; 

Brown et al., 2007; Cohen et al., 2007; Scholz et al., 2007; Scholz et al., 2011). 
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Here pollen analyses are presented from the north basin of Lake Malawi in order to 

better understand the relationship between regional vegetation shifts and abrupt climatic 

events.  The situation of Lake Masoko within the greater Malawi watershed and its 

proximity (~100km) to the Malawi lakeshore ensures that both lakes are influenced by 

similar regional climatic conditions (Fig. 1).  In particular, the ongoing debate (Brown et 

al., 2007; 2008; Garcin, 2008) about the effect of the YD on hydrology and vegetation 

distribution in southeast Africa can be resolved by the comparison of our record with the 

signal observed at Lake Masoko.  

 Modern Setting and Implications for Palynology 

Lake Malawi is the southernmost lake in the East African Rift Valley and lies in a 

series of half-grabens.  It is permanently stratified, with anoxic conditions below 250m, 

and is drained by the Shire River to the south (Eccles, 1974). The watershed rises steeply 

from the lake (478m asl) and is immediately bordered by mountains to the north and west 

with elevations of 3000m in the Rungwe Highlands and Nyika Plateau (Malawi 

Government, 1983).   

The distribution of most vegetation in tropical Africa is controlled by rainfall and 

rainfall seasonality, although temperature is also a constraint in high altitudes (Polhill, 

1966; White, 1983; Hély et al., 2006).  Within the Lake Malawi watershed, mean annual 

precipitation (MAP) ranges from 800mm/yr in the lowlands to 2400mm/yr on the slopes 

of Rungwe Highlands (Debusk, 1994).  High rainfall in the highlands feeds rivers that are 

an important source of pollen to the northern basin.  A single rainy season occurs from 

November–April when prevailing surface winds are northeasterly (NE), marking the 
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passage of the ITCZ (Fig. 1).  May-October is the dry season, dominated by strong 

southeasterly (SE) tradewinds (Malawi Government, 1983). 

Lowland vegetation surrounding Lake Malawi (<1500m asl) is comprised of both 

wetter and drier Zambezian woodland, growing in areas with more or less than 

1000mm/yr, respectively (Fig. 1; White, 1983). These low diversity woodlands include 

mainly deciduous species of Uapaca, Brachystegia, Isoberlinia, Julbernardia, and 

Combretaceae, all of which tolerate a long dry season (>6 months). Drier locations 

display more open canopies and higher proportion of grasses and Combretaceae.  

Flooded grasslands with Cyperaceae and Typha are present at the lakeshore and along the 

Songwe River. Closed canopy, drought-intolerant tropical seasonal forests with trees like 

Myrica, Macaranga, Ulmaceae, and Moraceae, and shade-loving herbs (Urticaceae) are 

not widespread but occur in the low to mid-altitudes, in areas with moister edaphic 

conditions and poor drainage such as along streams (Polhill, 1966).  Many species of fern 

are also common along rivers and streams.  Above 1500m, afromontane grasslands in 

areas north of the lake are interrupted by discontinuous patches of afromontane forests, 

whose composition varies with rainfall.  Olea capensis is typical of moister forest 

assemblages (1500-2000mm/yr; 0-3 dry months) from 1500-2500m, whereas 

Podocarpus, Juniperus, Ericaceae and Olea africana are common above 2000m in drier 

sites (800-1700mm/yr; ~4 dry months; White, 1983).  Grasslands are widespread at all 

elevations, but are concentrated at the southern end of the lake where rainfall is lowest.   

Although the watershed of the lake includes an area of 65,000 km2, pollen flux is 

dominated by input from a smaller source area.  Prior taphonomic and pollen transport 
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studies at Lake Malawi have shown that pollen is transported to the north basin through 

wind or river input and is representative of the vegetation in the northern third of the 

watershed, about 20,000km2 (DeBusk, 1997).   Pollen from grassland and montane taxa 

are transported preferentially by seasonal winds whose strength varied during the late 

Pleistocene (Filippi and Talbot, 2005). Today, most wind-transported pollen comes from 

the north during the austral summer when NE tradewinds predominate and the majority 

of plants flower.  However, increased input from the south is possible during times of 

enhanced SE tradewinds. Tropical seasonal forest, aquatics, and Pteridophytes are 

preferentially transported by rivers draining the Rungwe Highlands and the Nyika Plateau 

(Songwe River and South Rukuru River, respectively; Patterson and Kachinjika, 1995; 

Debusk, 1997).   

Methods  

MAL05-2A was collected in 2005 (Fig. 1; 10o1.1’S, 34o11.2’E; 359m water 

depth). Coring site, stratigraphy and age model details are provided elsewhere (Brown et 

al., 2007; Scholz et al., 2007). 40 samples were counted from a 3-m section (6-9 mblf) 

chosen to bracket the YD interval, consisting mainly of diatomaceous silty clay. The age 

model of upper 22-m is based on a best-fit second-order polynomial of 24 calibrated 

AMS dates, four of which fall within our section (Fig. 2; calibrated with “Fairbanks 

0107” calibration curve [Fairbanks et al., 2005]). We processed 1cm3 samples using 

standard methods with the addition of Lycopodium spores and sieved at 10 microns 

(Faegri and Iversen, 1989).   Average resolution between samples is 208 years but less 

than 100 years from 14-11ka. At least 500 grains were counted per sample and no barren 
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samples were observed. Pollen from 215 taxa were indentified using the African Pollen 

Database (APD: http://medias.obs-mip.fr/apd; Vincens et al., 2007b) and atlases of pollen 

morphology (eg.  Maley, 1970; Bonnefille, 1971a,b; Bonnefille and Riollet, 1980).  

Pollen percentages were calculated against a sum of all pollen and spores minus 

undeterminable grains, aquatics, and Bryophytes, which were calculated separately (Fig. 

2).  Pollen influx rates (grains/cm2/year) were calculated using the concentration values 

and sediment accumulation rates.  We drew pollen diagrams using Tilia 1.0.1 (Grimm, 

1990) and determined zonation by constrained cluster analysis using CONISS (Fig. 2; 

Grimm, 1987).  Non-significant variations recorded by the most characteristic taxa were 

smoothed by the use of five-sample running mean of pollen influx rates (Fig. 3c).  Pollen 

taxa assemblages described here are based on biomes outlined by Vincens et al. (2006) 

for East African vegetation and Debusk (1994; 1998) for Lake Malawi.  Tropical 

seasonal forest and Zambezian woodland are based on the grouping used by Garcin et al. 

(2007) at Lake Masoko for ease of comparison.  A gap in samples exists from 15.5-

14.7ka as no sediment remained in this interval after previous sub-samping and is 

excluded from the pollen zones. The pollen data is compared with geochemical analyses 

from this core (Zr:Ti; Brown et al., 2007) and the adjacent, previously studied piston 

cores from the Malawi north basin (Hydrogen Index [HI], δ13Calk, δ
18Odiatom, TEX86; 

Filippi and Talbot, 2005; Powers, 2005; Barker et al., 2007; Castañeda et al., 2007).   

Results  

Pollen preservation is excellent throughout and concentrations are high (mean = 

25,333 grains/cm3).  Abundance of broken/reworked grains is never more than 4.6% but 
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typically <1%.  Our pollen stratigraphy is divided into three zones based on dominant 

vegetation assemblages and further subdivided into subzones to illustrate trends in 

important taxa (Fig. 2).  Both percentages and influx values for prominent pollen taxa and 

vegetation assemblages will be described in order to eliminate possible transport artifacts 

in the percentage data (Fig. 2, 3c). 

Zone 1 – 18.1-15.5ka 

Subzone 1a (18.1-16.4ka) shows both percentages and influx values dominated by 

afromontane taxa (Podocarpus, Ericaceae undiff., Juniperus-type,  Olea africana-type, 

Olea capensis-type, Other Montane).  These taxa are at their peak values (27%; 450 

grains/cm2/yr) and stay relatively stable throughout this subzone. A strong presence of 

Poaceae (36%; 520 grains/cm2/yr) indicates that grasses were widespread.  In addition, 

aquatic taxa and indicators of shoreline proximity, such as Typha, are at their maximum 

values (5%; 8.4 grains/cm2/yr) but decline at the top of the subzone.   

Subzone 1b (16.4-15.5ka) shows the first major change in the record.   

Afromontane taxa begin a steady decline (20%; 250 grains/cm2/yr) coincident with the 

expansion of tropical seasonal forest taxa (3-7%; 20-60 grains/cm2/yr; Macaranga-type, 

Moraceae, Myrianthus-type holstii, Trema-type orientalis) and Zambezian woodland 

pioneers (4-7%; 50-75 grains/cm2/yr; Brachystegia, Combretaceae, Uapaca).  The first 

large peak of Urticaceae (1.4%; 19 grains/cm2/yr) occurs at the beginning of this 

subzone, linked with the expansion of tropical seasonal forest. 

Zone 2 – 14.7-11.8ka 
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Subzone 2a (14.7-13ka) is marked by abundant grass (45%; 650 grains/cm2/yr).  

Zambezian woodland percentages show a gradual increase starting at ~ 14.5ka.  

Afromontane abundances continue to decline steadily (19-7%; 250-98 grains/cm2/yr). 

Tropical seasonal forest (10%; 95 grains/cm2/yr) initially expands but remains at 

relatively low values.   

Subzone 2b (13-11.8ka) brackets the YD interval, and influx values show a two-

phase change in vegetation (Fig. 3c).  The first phase lasts from 13-12.3ka and is 

characterized by maximum values of tropical seasonal forest (167 grains/cm2/yr) and 

Urticaceae (26 grains/cm2/yr).  A slight increase of afromontane taxa (163-250 

grains/cm2/yr) and Pteridophytes (19-65 grains/cm2/yr) is also observed.  This increase in 

both lowland and montane forest taxa is at the expense of Poaceae, which reaches its 

lowest flux (232 grains/cm2/yr).  The second phase, from 12.3-11.8ka, is marked by the 

decline of all taxa that reached peak values during the first phase in favor of Poaceae (454 

grains/cm2/yr). 

Zone 3 – 11.8-9.5ka 

Subzone 3a (11.8-10.7ka) is marked by a relatively rapid increase in Poaceae and 

its highest percentages (54%; 691 grains/cm2/yr).  Gradual increases of Zambezian 

woodland (9-14%; 70-116 grains/cm2/yr) continue during this subzone.   Tropical 

seasonal (13-6%; 98-24 grains/cm2/yr) and afromontane forest (11-2%; 81-17 

grains/cm2/yr) percentages decline gradually, and Pteridophytes (~1%; 10 grains/cm2/yr) 

are nearly absent by the end of the record.  Subzone 3b (10.7-9.5ka) is distinguished by a 
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small increase of Zambezian woodland (14-19%; 116-221 grains/cm2/yr) associated with 

a larger contribution of Combretaceae.  

Interpretation and Discussion 

Decline of Afromontane Forest (18.1-15.5ka)  

Afromontane taxa dominated this first period along with indicators of freshwater 

flow (Fig. 3c).  Freezing conditions at higher altitudes, cooler lowland temperatures, and 

lower pCO2 caused montane taxa to grow at a lower elevation than present allowing for 

closer proximity to the lakeshore (Jolly and Haxeltine, 1997; Street-Perrott et al., 1997; 

Wu et al., 2007).  Previous pollen-derived estimates of Last Glacial Maximum (LGM) 

temperature in East Africa suggested that the lower montane forest limit descended to 

600-900m asl (relative to ~1500m asl modern; Coetzee, 1967; Livingstone, 1967; 

Debusk, 1994).  However, low Podocarpus percentages (~5%) at Lake Masoko (840m 

asl) suggest that the limit was near but still above this elevation (Vincens et al., 2007a). 

As Masoko receives no fluvially transported pollen, this percentage indicates that 

montane forests grew within 25km, based on studies of aerial transport of Podocarpus 

grains (Vincens, 1982).  Thus, montane forest likely grew at the upper end or even above 

the altitude suggested by earlier estimates.  Our placement of the lower montane forest 

limit near 900m asl, rather than as low as 600m asl, is consistent with more recent TEX86 

from Lake Malawi yielding a -3.5oC temperature anomaly relative to modern for this 

period, much less than the previous pollen-derived estimates.  

Close proximity of Masoko and Malawi ensures that the wind-transported 

montane fraction in both lakes is largely similar, thus the difference at Malawi represents 
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the fluvial contribution ranging from 15-35%.  Due in part to anthropogenic forest 

clearance, modern afromontane vegetation occurs in discontinuous patches of forest 

surrounded by extensive high-altitude grasslands (White, 1983).  As a result, these 

afromontane pollen taxa in modern sediments from the north basin never exceed 14% 

(Debusk, 1997); however, soil samples from within the forest range from 26-30% 

(Vincens et al., 2006).  Similar high values in Malawi sediments from 18.1-14.7ka (Fig. 

2; 20-40% of which 15-35% is via rivers) imply a compositional change of upper 

watershed vegetation such that afromontane forests were more extensive and less 

fragmented than present.  A reduction of montane grasslands relative to today is also 

supported by δ13Calk from Malawi, a record of C3/C4 abundance from plant leaf waxes, 

suggesting predominantly C4 inputs at the very beginning of this record (Fig. 3a; 

Castañeda et al., 2007).  This implies lowland grass input, possibly from the Songwe 

River alluvial plain (Livingstone and Clayton, 1980).   

During the gradual decline of afromontane taxa at Malawi, lowland forest and 

woodland pioneers begin to increase between 17-16ka (Fig. 3c).  At the same time, a 

dramatic rise of moister montane taxa (mainly Olea capensis-type) is observed at Lake 

Masoko but not accompanied by an increase of Zambezian woodland.  This suggests that 

the establishment of woodland was gradual throughout the Malawi watershed. This 

transition reflects rising temperature (~1oC/ka) and episodic wetting (Powers, 2005; 

Barker et al., 2007).  This is consistent with declining C4 input to the core site (~-5%; 

Castañeda et al., 2007) as well as continued retreat of the afromontane belt (Fig. 3). 
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Interestingly, subzone 1b (16.4-15.5ka; Fig. 2) is roughly coincident with the 

timing of Heinrich Event 1 (H1; Hemming, 2004).  However, rather than the abrupt 

cooling and aridity recorded elsewhere in Africa and the tropics (Stager et al., 2011), this 

zone is instead defined by gradual increases in both lowland vegetation types (Zambezian 

woodland and tropical seasonal forest).  Similar trends are also observed at Lakes 

Tanganyika and Rukwa, implying that this is a regional vegetation change likely related 

to the slow temperature increase seen in the TEX86 record (Fig. 3a; Vincens, 1991, 1993, 

2005; Powers, 2005).  One exception is Olea africana-type, the only component of the 

drier montane forest which increases at the time of H1; however, this is possibly a 

pioneer response to the decline in other montane forest taxa. 

Expansion of Lowland Forest (14.7-13ka) 

The progressive warming following the LGM corresponds with continued retreat 

of afromontane taxa to high-altitudes recorded in both records at Malawi and Masoko. 

This opening provoked a reorganization of the lowland vegetation that had been 

dominated by afromontane forests and grasslands.  The increase in both drought-tolerant 

woodland (Zambezian woodland) and drought-intolerant forest (tropical seasonal forest) 

suggests that vegetation was more heterogeneous and forests more prevalent than present.  

However, the stronger woodland presence until 13.8ka suggests that the dry season must 

have been severe enough to limit dense forest at least locally.  Drought-intolerant forest 

assemblages preferentially established along rivers that would have received enhanced 

runoff from the northern highlands (Johnson and Ng’ang’a, 1990).   
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Increases of grass during this zone could derive from high- or lowland sources; 

however, decreased grass percentages at Lake Masoko suggest that lowland grasses were 

actually less prevalent (Vincens, 2007a).  Instead, the expansion of high-altitude 

grasslands, previously limited by afromontane forest, likely accounts for the regional 

increase in grass.   This is supported by depleted δ
13Calk implying greater C3 plants 

contribution (Fig. 3a; Castañeda et al., 2007); however this may also be partially related 

to the increases in arboreal taxa described above.   

Though there is evidence of early post-glacial warming in southeast Africa 

(Powers, 2005; Tierney et al., 2008), significant increases in moisture are not observed 

until ~14.5ka associated with warming in the NH high-latitudes (Barker et al., 2007; 

Castañeda et al., 2007).  Higher effective moisture and enhanced riverine transport at this 

time is reflected by the gradual increase of tropical seasonal forest, shade-dwelling herbs 

typical of forest undergrowth (Urticaceae), and ferns (Pteridophytes) beginning at 14.7ka 

(Fig. 3c). This conclusion is also supported by stable isotopic analyses, which trend 

towards more depleted values coeval with the shift to moister lowland forest vegetation 

(Fig. 3a; Barker et al., 2007; Castañeda et al., 2007).  

At 13.8ka, grass and most herbaceous taxa return to lower abundances until after 

11.8ka; however, tropical seasonal forest continues increasing.  At Lake Masoko, an 

abrupt transition from moister montane forests to tropical seasonal forest also occurs at 

this time (Vincens et al., 2007a).  Though δ
18Odiatom and δ13Calk values from Malawi 

suggest higher MAP, for further expansion of drought-intolerant taxa, very low dry 

season severity would have also been necessary (Fig. 3; Barker et al., 2007; Tierney et 
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al., 2008).  High HI values, indicating algal organic matter inputs consistent with greater 

north basin upwelling, suggest that this was a period of weakened SE tradewinds (Fig. 

3b; Filippi and Talbot, 2005). This, in addition to a 2oC cooling at Malawi, probably 

resulted in higher effective moisture and decreased evaporative stress during the dry 

season (Fig. 3a; Powers, 2005).   

Records from both equatorial east African (EEA; 4oN-6oS; discussed here: Lakes 

Malawi, Tanganyika, Rukwa, and Masoko) and southeast African (SEA; 6oS-14oS; 

discussed here: Lakes Emakat and Victoria and Rusaka Swamp) show similar vegetation 

trends until ~13ka (Fig. 1). As at Malawi and Masoko, records from Lakes Tanganyika 

(8o30’S) and Rukwa (8o25’S) also show a decline of afromontane forest taxa followed by 

an increase in tropical seasonal forest around 14.5ka (Fig. 4; Vincens, 1989, 1991, 1993, 

2005, 2007a). In EEA, moist Hagenia forest became prevalent in the highlands near Lake 

Emakat (2o55’S) and Rusaka Swamp (3o26’S).  Lack of moister forest at Lake Victoria 

(0o34.5’S) until after 11.5ka suggests that lowland conditions were less favorable to 

forest establishment (Bonnefille et al., 1995; Beuning et al., 1997; Ryner et al., 2006).   

Two-phase Vegetation Change at the YD (13-11.8ka) 

During the YD, two different assemblages occur in the watershed from 13-12.3ka 

and 12.3-11.8ka.  The first assemblage shows small increases in afromontane taxa that 

reflect cooler, drier conditions and steady increases in tropical seasonal forest, implying a 

continued lack of a long dry season (Fig. 3c).  It is unlikely that the increases in montane 

forest resulted from enhanced wind transport from stronger NE tradewinds, which are 

relatively weak during this first phase in relation to the second phase (Fig. 3b; Brown et 
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al., 2007).   Although this does not seem to indicate a lowering of the afromontane belt to 

LGM altitudes, it is most likely that the 2o cooling recorded at Malawi allowed these 

assemblages a temporary reestablishment at lower altitudes than today (Powers, 2005). 

Increased values of river transported taxa such as Pteridophytes also increase coeval with 

tropical seasonal forest; however, Barker et al. (2007) record this as period of low river 

input to the basin.  High values of this taxon during a time of reduced river input instead 

are likely a result of forest expansion due to the strong presence of ferns associated with 

dense forest (White, 1983). 

The second assemblage shows a recovery of grass at the expense of montane and 

lowland forest taxa (Fig. 3c).  In addition, taxa associated with dense forest, such as 

Urticaceae and Pteridophytes, show a similar decline.  Maintenance of Zambezian 

woodlands suggests that although high and lowland forests were replaced by grassland, 

drier woodlands were unaffected.  

Interpreting these finely-resolved vegetation phases requires a small subsampling 

interval and good age control.   This subzone includes an AMS date at 12,067ka with 

small error (10,577 +/-72 14C yr BP), and assemblages are based on 8 samples (Fig. 2; 

Brown et al., 2007). Given this control and the internal consistency in results between 

adjacent samples, we feel confident in these phases despite their short duration. 

Similar to Malawi, regional maintenance of tropical seasonal forest also occurred 

at Lake Masoko; however, woodland behaved differently between the two sites (Fig. 4; 

Vincens et al., 2007a).  Uapaca, a drought-tolerant pioneer species, underwent no abrupt 

change in either direction during the YD at Malawi.  In contrast, at Masoko, no presence 
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of woodland is recorded until after the YD.  Strong woodland abundance regionally at 

Malawi, but not locally at Masoko, suggests that from 13-12.3ka, the denser tropical 

seasonal forest was growing exclusively in areas of edaphically moister conditions.  

Zambezian woodland was extensive in the better drained, less sheltered locations.  Stable 

Zambezian woodland influx values support that idea that increased tropical seasonal 

forest at both Masoko and Malawi, until 12.3ka and 11.7ka, respectively, do not indicate 

higher MAP (Fig. 4; Barker et al., 2007; Tierney et al., 2008). This is consistent with 

indications of aridity after 13ka at Lake Malawi and throughout the African tropics 

(Gasse, 2000; Barker et al., 2007).  With modern rainfall seasonality, an expansion of 

grasslands or dry woodland would be expected given lower rainfall (Hély et al., 2006).  It 

is likely that decreased dry season severity is responsible for controlling higher local 

effective moisture at more sheltered localities, like Lake Masoko, within the Malawi 

catchment. 

During cold phases in the NH, the ITCZ is displaced southward and can be 

narrower (Haug et al., 2001; Lea et al., 2003).  An ITCZ excursion into southeast Africa 

has been used to explain higher relative moisture in parts of this region (Finney et al., 

1996; Garcin et al., 2007) as well as summer rainfall as far south as 26-30oS (Van 

Zinderen Bakker and Butzer, 1973). However, during the LGM, H1, and YD, no increase 

in moisture is recorded at Lake Malawi (Barker et al., 2007; Brown et al., 2007; 

Castaneda et al., 2007).  Tierney et al. (2007; 2008) have suggested that the effect of 

ITCZ position on regional hydrology is secondary to other controls, such as moisture 

advection and monsoon strength.  Due to decreases in Indian and Atlantic SSTs during 



 97

the YD, reduced latent heat flux and weak moisture advection to the continent are in 

agreement with other indications of reduced MAP (Sonzogni et al., 1998; Schefuß et al., 

2005).    

Zr:Ti ratios from the MAL05-2A core, recording volcanoclastic input from the 

Rungwe Highlands north of the core site rich in Zr, date the beginning of stronger NE 

trades to ~12.7ka (Fig. 3b; Brown et al., 2007).  This suggests a southward ITCZ over 

Malawi acted to even out rainfall seasonality.  In addition, a second 2oC temperature 

decrease at the beginning of this interval coupled with weaker SE tradewinds, indicated 

by HI, would have reduced evapotranspiration during the dry season (Fig. 3b; Filippi and 

Talbot, 2005; Powers, 2005; Schefuß et al., 2005).  In summary, despite lower MAP, the 

resulting change in rainfall seasonality and weak winds created edaphically favorable 

conditions along rivers and in areas receiving runoff from the highlands, thereby allowing 

the persistence of drought-intolerant taxa until ~12.3ka.  

The impact of effective moisture on vegetation assemblages during the YD 

controlled by temperature, tradewind strength, and rainfall seasonality is further 

illustrated during the second vegetation phase (Fig. 3; 12.3-11.8ka).  After the peak of 

tropical seasonal forest and Pteridophytes at the end of the first vegetation phase, both 

assemblages began to decline gradually.  The opposite is observed in the grasses, which 

increased until the end of the record.   

The decline of the drought-intolerant forest must have been caused by one of 

three controls: an increase in rainfall seasonality, a further decrease in MAP, or higher 

evaporative stress.  A rainfall seasonality change seems unlikely, as records of aridity in 
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northern Africa and relatively moister condition in South Africa suggest that the ITCZ 

remained in a southerly position throughout both vegetation phases (13-11.8ka; Van 

Zinderen Bakker and Butzer, 1973; Gasse, 2000).  An even further decline in MAP is 

also not likely given relatively stable values of δ
18Odiatom throughout the second phase 

(Fig. 3a; Barker et al., 2007).   

The most dramatic climatic change at this time is the maximum NE tradewinds 

intensification from ~12.3-11.8ka (Fig. 3; Brown et al., 2007; Talbot et al., 2007).  It 

seems likely that further evaporative stress caused by stronger austral summer trades 

could have initiated the degradation of the drought-intolerant forest. Stronger evaporation 

could also explain the slight changes in the isotopic records without any further change in 

MAP (Fig. 3a). 

We propose that from 13-12.3ka, a more southerly ITCZ coupled with cooler 

temperatures reduced dry season severity at Lake Malawi.  This change allowed drought-

intolerant tropical seasonal forest to flourish despite reduced MAP.  From 12.3-11.8ka, 

enhanced NE tradewinds promoted slow, progressive drying of the watershed.  The 

increased evaporative stress, coupled with low MAP, caused a gradual retreat of tropical 

seasonal forest as local edaphically moist areas, such as Lake Masoko, passed critical 

thresholds and became rarer while runoff and river input simultaneously decreased.   

From ~13-11.8ka in East Africa, a complicated pattern developed that illustrates 

the effects of a southward ITCZ and reduced MAP throughout the region (Gasse, 2000).   

In EEA, moist forest development was interrupted at ~13ka, and grasslands expanded 

until 11.5ka when moister vegetation types returned during the Early Holocene 



 99

(Bonnefille et al., 1995; Beuning, 1997; Ryner et al., 2006).   In contrast, in SEA, 

woodland and tropical seasonal forest continued to develop until ~11.8ka (Fig. 4; 

Vincens et al., 2005, 2007a). Two core records from the extreme north and south ends of 

Lake Tanganyika highlight the different regional responses.  In Tanganyika's north basin 

(4o30’S), grassland expansion during the YD is similar to the pattern in EEA, while the 

south basin (8o30’S) experienced a transition to Zambezian woodland after the YD as 

seen in SEA (Vincens, 1991, 1993).   

Though drought-intolerant species dominated locally at Lake Masoko until 

11.7ka, records from southern Lake Tanganyika and at Lakes Rukwa and Malawi 

suggests the importance of both drought-tolerant and intolerant vegetation types in SEA.  

On a regional scale, Zambezian woodland and grasslands were widespread from ~14.5ka, 

long before the abrupt post-YD succession to dry woodland at Masoko.  The later 

response at Masoko is probably due to hydrological buffering by groundwater (Barker et 

al., 2003). The gradual regional decline of forest at Lake Malawi signifies that a shorter 

dry season allowed some areas in the watershed to remain sufficiently moist to sustain 

forest until the 11.7ka termination at Lake Masoko, when establishment of the driest 

conditions occurred.   

Two regions of spatially coherent vegetation responses occur north and south of 

~6oS despite uniform MAP decreases.  A rainfall regime in SEA similar to what is 

observed today in EEA, with a bimodal pattern rather than a long, dry season and single 

rainy season, likely occurred.  (Fig. 5; Garcin et al., 2006, 2007; Vincens et al., 2007a).  

The deterioration of moist forest in EEA during the YD implies an opposite change in 
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rainfall repartition resulting in a longer dry season exacerbated by decreased MAP.  The 

increase of grassland highlights the dependence of EEA moist forest vegetation on the 

twice-yearly ITCZ passage. 

Rise of Woodland/Grassland (11.8-9.5ka) 

A substantial increase of grass occurred at Lake Malawi during the early 

Holocene around 11.8ka (Fig. 3c).  This important change represents an opening of the 

vegetation that followed the progressive decline of tropical seasonal forest, Urticaceae, 

and Pteridophytes.  At Lake Masoko, the local, lowland vegetation change was more 

abrupt and coincident with the reorganization of dominant surface winds over the lake 

(Fig. 4; Filippi and Talbot, 2005).   

The reinforcement of the dry season SE tradewinds, as indicated by low HI values 

(Fig. 3b), marked the beginning of a -100m lowstand at Malawi from 11.8-10.3ka, out of 

phase with other East African lakes (Gasse, 2000; Johnson et al., 2002; Barker et al., 

2007).  Higher rainfall north of 9oS at the beginning of the humid Early Holocene 

(DeMenocal et al., 2000; Tierney et al., 2008), suggests that the ITCZ was displaced 

northward in response to insolation and high-latitude forcing.   This extended the length 

of the dry season over southeast Africa, exacerbated by greater wind stress (Fig. 3b; 

Filippi and Talbot, 2005; Tierney and Russell, 2007).   

These conditions would have favored more drought-tolerant taxa like C4 grasses, 

Uapaca, and Combretaceae, a drier woodland taxon that increases around 10.7ka.  

Though C3 plant input began to increase during this period, it is likely that the expanding 

lowland grasses were predominantly C4 (Castañeda et al., 2007).  The slow decrease in 
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δ
13Calk is explained by increased C3 arboreal woodland taxa in the lowland as well as an 

expansion of montane grasslands, as afromontane forests reached their lowest abundance 

of the record (Fig. 3). 

Zambezian woodland diversified during the Early Holocene throughout East 

Africa (Bonnefille et al., 1995; Ryner et al., 2006; Vincens et al., 2007a). At Malawi, 

δ
18Odiatom  and δ13Calk values became more depleted indicating higher MAP around 

10.3ka; however, the tropical seasonal forest which characterized the deglacial interval 

did not recover (Fig. 3; Barker et al., 2007; Castañeda et al., 2007). The success of 

Zambezian woodland relative to tropical seasonal forest in the Early Holocene supports 

the ideas that dry season length rather than MAP is limiting to the later biome. Collins et 

al. (2011) have suggested that changes in ITCZ width rather than mean position may not 

have responsible for aridity in the tropics during northern hemisphere cold periods; 

however, this cannot explain the change in rainfall seasonality observed over SEA during 

the last deglaciation. 

Conclusions  

Our vegetation record shows a regional signal of high montane taxa abundances 

that diminish following the LGM.  We suggest a lowering of the tree-line to ~900m asl, 

less than previously proposed.   In addition, an expanded arboreal component of the 

afromontane biome occurred.   

This study highlights the importance of local conditions and rainfall seasonality in 

maintaining vegetation.  Tropical seasonal forest began to increase at 14.5ka and 

continued to expand in SEA during the first part of the YD.  Despite regional aridity, 
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drought-intolerant assemblages were maintained because of reduced evaporative stress, 

which allowed for moister edaphic conditions in parts of the watershed.  From 12.3-

11.8ka, a reinforcement of the NE tradewinds caused a slow opening of the lowland 

vegetation and replacement of drought-intolerant tropical seasonal forest by grassland 

and woodland.  

The local signal at Lake Masoko compared with the Malawi regional signal 

supports the notion that drought-intolerant vegetation persisted in the midst of aridity as a 

result of optimal geographic location.  These records suggest decreased rainfall 

seasonality and dry season severity from ~14.5-11.8ka.  Our record shows that whereas 

reductions in rainfall and evaporative stress from intense winds caused a gradual forest 

decline beginning at ~12.3ka affecting well-drained areas, the change in rainfall 

seasonality at 11.8ka to more modern long dry season resulted in a rapid conversion from 

forest to woodland of even relatively buffered moist edaphic locations. 

 The YD in SEA illustrates that although rainfall is a primary control on vegetation 

distribution, other factors, such as wind, temperature, and local setting, all contribute to 

overall effective moisture on the landscape and cannot be ignored.  Clearly, the 

interpretation of palynological records, as well as predictions of future vegetation 

changes, should be viewed in terms of a complex system rather than simple physiological 

responses to temperature or MAP.  In addition, the comparison of local versus regional 

records helps us to discern environmental responses to regional and local hydrologic 

thresholds. 
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Figures 
 

Figure 1.  A) Map of Africa showing position of the Intertropical Convergence Zone 

(ITCZ) and the Congo Air Boundary (CAB) for January and July (top) and modern 

latitudinal extent of summer unimodal and bimodal rainfall regimes (bottom).  The 

rectangle represents the East African field shown in part B.  Upper part of the box shows 

equatorial east Africa (EEA) and lower part of the box shows southeast Africa (SEA).  B) 

Map of east and southeast Africa showing sites of paleo-vegetation studies discussed in 

this article: 1) Lake Victoria [Beuning, 1999], 2) Lake Emakat [Ryner et al., 2006], 3) 

Rusaka Swamp [Bonnefille et al., 1995], 4-5) Lake Tanganyika [SD14TAN and 

MPU12TAN; Vincens et al, 1991, 1993], 6) Lake Rukwa [Vincens et al., 2005], 7) Lake 

Masoko [Vincens et al., 2007 ; Garcin et al., 2007], 8) Lake Malawi [this study].  Arrows 

are prevailing northeasterly winds in the austral summer (clear heads and tails) and 

southeasterly winds in austral winter (solid heads and tails).  Inset shows 1979-2010 

NCEP/DOE Reanalysis-2 average monthly precipitation at Malawi versus Masoko over 

one annual cycle.  Rectangle surrounds Lake Malawi as pictured in part C.  C)  

Vegetation map adapted from White (1983) of Lake Malawi with location of core 

MAL05-2A (white dot). 
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Figure 2.  Pollen diagram of MAL05-2A percentages.  Pollen sums are all taxa less 

aquatics, Bryophytes and undeterminable grains, which are calculated separately.  Grey 

curves are exaggerated 5 times.  Other Montane grouping includes : Afrocrania volkensii, 

Anthospermum, Dodonaea viscosa-type, Hagenia abyssinica, Ilex mitis, Nuxia/Ficalhoa, 

Prunus africana-type. Pollen zones are based on constrained cluster analysis 

(Grimm,1987).  AMS dates that are part of the age model and fall within the section are 

presented on the right side of the diagram. 
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Figure 3.  A) TEX86 temperature (Powers, 2005), δ
13Calk (Castaneda et al., 2007), δ 

18Odiatom (Barker et al., 2007) from the north basin of Lake Malawi cores M98-1P and 

M98-2PG. B) Hydrogen Index (HI; M98-1P; M98-2PG; Fillipi and Talbot, 2005) and 

Zr:Ti (MAL05-2A; Brown et al., 2007) from the north basin of Lake Malawi. C) Influx 

values smoothed with five-point running mean of Poaceae, Afromontane [Podocarpus,  

Ericaceae undiff., Juniperus-type,  Olea africana-type, Olea capensis-type, Other 

Montane] , Zambezian Woodland [Brachystegia, Combretaceae,  Uapaca], Tropical 

Seasonal Forest [Celtis, Macaranga-type , Moraceae, Myrianthus-type holstii, Trema-

type orientalis], Urticaceae, and Pteridophytes. Solid lines are zone limits and dashed 

lines are subzone limits.  Dark grey box indicate first YD vegetation phase, light grey box 

indicates second YD vegetation phase.  Gap between subzones 1b and 2a is due to no 

samples available in this interval. 
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Figure 4.  A)  Pollen percentages of drought-intolerant tropical seasonal forest from 16.5-

9ka for sites in southeast Africa (Vincens, 1991, 1993, 2005, 2007).  Bottom panel is 

Zr:Ti from the north basin of Lake Malawi (Brown et al., 2007).  Grey box marked ‘NE’ 

represents northeast tradewind reinforcement.  B)  Pollen percentages of drought-tolerant 

Zambezian woodland from 16.5-9ka for sites in southeast Africa (Vincens, 1991, 1993, 

2005, 2007).  Bottom panel is Hydrogen Index (HI) from the north basin of Lake Malawi 

(Filippi and Talbot, 2005).  Grey boxes marked ‘SE’ represents southeast tradewind 

reinforcement. 
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Figure 5.  A) Modern latitudinal extent of summer unimodal and bimodal rainfall zones 

in tropical Africa.  B) Pollen-inferred latitudinal extent of summer unimodal and bimodal 

rainfall zones in tropical Africa during pollen subzone 2b from ~13-11.8ka. 
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Abstract 

The African Tropics, which today play a major role in driving the hydrological cycle, 

are a key area for better understanding controls on global climate. As the distribution 

of African vegetation is largely constrained by regional hydrology, past climate 

changes are often associated with large-scale reorganizations of biome distribution; 

however, the response of individual taxa to climate change is poorly understood.  

Sediment cores from Lake Malawi provide a unique terrestrial record of changing 

climate and vegetation in tropical Africa for the last ~1.2 Ma.  Pollen analysis on a 

core interval including the Penultimate Glacial (PG) and the Last Interglacial (LIG) 

allows us to investigate vegetation responses to observed high-amplitude wet-dry 

transitions in phase with local insolation modulated by high eccentricity and changing 

boundary conditions.   

Pollen analysis on the longest Malawi core (MAL05-1B) reveals three large-scale 

oscillations between forest and degraded, open vegetation.   Succession during forest 

expansion as well as climax species composition differs during each phase.  Early 

forest phases show a progressive expansion of tropical seasonal forest, miombo 

woodland, and afromontane arboreal taxa.  A final, relatively rapid shift to higher 

proportions of arboreal pollen taxa occurs near the top of the studied interval.  

However, while afromontane and woodland taxa return to higher values, moist, 

closed canopy tropical seasonal forest remains at low values for the rest of the 

interval.  Between forests phases are more open phases that are marked by extreme 

aridity and dramatic lake level regressions leading to the expansion of grasses, steppic 
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herbs, and semi-desert trees.  This vegetation assemblage, with Somali-Masai 

phytogeographic affinities, is much drier than that found in the Malawi watershed 

today.  Changes in forest composition over this interval reflect some influence of 

global boundary conditions with more deciduous woodlands during the LIG; 

however, the large-scale vegetation changes around the lake seem to occur in 

response to insolation controls as a result of variable monsoon strength and 

seasonality during this period of high-amplitude climate variability. 

 
Highlights 

1. Temporal changes in vegetation in southeast Africa are primarily controlled 
by insolation when eccentricity is high 

2. Dense humid forest and woodlands dominate the landscape during insolation 
maxima during the Penultimate Glacial as a result of enhanced rainfall and 
short dry season. 

3. Fire-prone woodland and wooded grasslands predominate during the Last 
Interglacial period because of a northerly displacement of the ITCZ and a long 
dry season. 

 
Keywords: tropical vegetation, ITCZ, Last Interglacial, Africa, Malawi 
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Introduction 

The African tropics play an essential role in the dynamics of the global climate 

system and are ecologically important because of their tremendous levels of endemism 

and biodiversity (Diffenbaugh and Giorgi, 2012).  Additionally, tropical ecosystems have 

long provided necessary resources to millions of people living directly off the landscape. 

However, these areas today are under great threat due to rapidly changing climate (IPCC, 

2007).  As the distribution of African vegetation is closely related to regional hydrology, 

large-scale reorganization of biomes, desertification, and forest collapse linked to 

changes in climate may dramatically alter the tropical biodiversity and the availability of 

resources.  In addition, the fragility of tropical grasslands and forests to climate change is 

likely to have an important influence on our ability to control atmospheric CO2 in the 

future (Cox et al., 2013).   

Semi-arid vegetation, such as woodlands and wooded grasslands, dominate the 

African continent and are particularly sensitive to hydrological changes (Fischer and 

Turner, 1978).  Although we know that changes in atmospheric and oceanic circulation 

have a profound effect on the environment, the response of vegetation to climate beyond 

an overly simplified interpretation of more or less rainfall is still very unclear (Ivory et 

al., submitted).  In order to better understand the effect of future environmental change on 

biome distribution as well as climate-biosphere feedbacks, it is absolutely essential to put 

constraints on the response of vegetation to climate.   

Records of past vegetation provide important tools for evaluating future 

environmental change under climatic conditions unlike today, as well as for evaluating 
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the performance of climate models used in IPCC projections for the future.  

Paleoecological data in tropical Africa have proven very useful in elucidating the factors 

influencing vegetation productivity and the importance of climate-vegetation feedbacks 

to regional hydrology (Liu et al., 2006).  However, terrestrial vegetation data is scarce 

within the tropics beyond the Last Glacial Maximum, and most existing data older than 

21ka comes from either low-resolution marine cores, short, poorly dated records, or 

discontinuous and low-resolution outcrop records (Bonnefille, 2010; Dupont et al., 

2011a).  

Drill cores taken from Lake Malawi in March 2005 provide a continuous record of 

regional vegetation from the continent for the last 1.2Ma years (Scholz et al., 2011a, 

2011b).  The Lake Malawi watershed provides an ideal laboratory for examining how 

climate change affects tropical ecology (Debusk, 1998; Beuning, et al., 2011).  As a 

result of its position near the southern boundary of the modern austral summer 

Intertropical Convergence Zone (ITCZ), records from the lake are sensitive to changes in 

tropical circulation linked to global climate, which greatly alter regional hydrology and 

watershed vegetation (Cohen et al., 2007; Beuning et al., 2011; Ivory et al., 2012).   

Given the paucity of long records, much paleoclimate research has focused on the 

Pleistocene-Holocene transition and the effect of the northern hemisphere high-latitudes 

on tropical hydrology (Gasse, 2000; Gasse et al., 2008).  For many years, both the LGM 

and Heinrich Event 1 have individually been thought to have been the most arid period of 

the Late Pleistocene (Gasse, 2000; Stager et al., 2011; Lézine et al., 2013).  However, 

over longer time-scales, hydrology at Lake Malawi and elsewhere in tropical Africa has 
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been found to have a strong link to precessional cycles and local summer insolation 

(Rossignol-Strick, 1983; Scholz et al., 2007; Cohen et al., 2007; Verschuren et al., 2009).   

During the Penultimate Glacial (PG) and Last Interglacial Period (LIG), higher orbital 

eccentricity resulted in an enhancement of the effect of precession on insolation.  This led 

to large-scale wet-dry cycles that have been observed to occur asynchronously across the 

continent until eccentricity decreased after ~60ka (Scholz et al., 2007; Cohen et al., 

2007).  Periods of extreme aridity far greater than the LGM have been identified at 

locations across Africa, particularly well illustrated by ~100-500m lake level fluctuations 

in Lakes Malawi and Tanganyika, two of the world’s largest and deepest lakes (McGlue 

et al., 2008; Scholz et al., 2007; Cohen et al., 2007).  In southeast Africa, previous studies 

from marine cores have suggested that vegetation as well may respond to precessional 

forcing; however, the relative responses of vegetation to high-latitude forcing and 

insolation forcing at this period remains unclear (Dupont et al., 2011a). 

Pollen analysis on a 53-m long interval of the longest Malawi core (MAL05-1B) 

extends the detailed record of African vegetation, allowing us to investigate the 

superimposed influence of large-scale high-amplitude environmental gradient in this 

region of the tropics that are very unlike today.  This period is unique as it occurs when 

precession is enhanced by high eccentricity resulting in high-amplitude insolation 

variability.  However, this period also brackets the Termination II transition between the 

PG and the LIG, a period slightly warmer than the current Interglacial, often used as an 

analogue for future warming.   
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Modern Setting 

Lake Malawi, the southernmost lake in the East African Rift, is composed of a series 

of alternating N-S oriented half-graben basins (Fig. 1).  It is a permanently stratified lake, 

with anoxic conditions below 250m. The lake is hydrologically open, drained by the 

Shire River to the south, although most water loss occurs via evaporation (Eccles, 1974).  

Mountain ranges in the northern (Livingstone Mountains and Rungwe Highlands) and the 

western (Nyika Plateau) parts of the watershed rise steeply from the lake shore (478 m 

asl) to nearly 3000m and were formed principally through extension and volcanism 

(Malawi Government, 1983).    

The lake is today situated at the southernmost limit of the ITCZ and east of the Congo 

Air Boundary (CAB; Fig. 2; Nicholson, 1996).  The yearly migration of the ITCZ imparts 

patterns in MAP and rainy season length across the continent that greatly influences the 

environment (Fig. 2).   Within the watershed, mean annual precipitation (MAP) is very 

heterogeneous and ranges from 800mm/yr in the lowlands to 2400mm/yr on the slopes of 

Rungwe Highlands (Debusk, 1994).  Rainfall is highly seasonal, with a single rainy 

season from November to April, when prevailing surface winds are northeasterly (NE), 

and rainfall reaches 250 mm/month (Fig. 1).  A long dry season from May to October 

lasts ~6 months when virtually no precipitation occurs and strong southeasterly (SE) 

tradewinds prevail (Fig. 2; Malawi Government, 1983).  Temperature varies little (Fig. 

1), however, lower temperatures in the highlands can result in freezing conditions in 

alpine regions.  
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Vegetation in the Malawi watershed is largely constrained by rainfall and rainfall 

seasonality (Ivory et al., submitted).  In the low to mid-altitudes (<1500m asl), low-

diversity deciduous Zambezian miombo woodlands grow in areas of highly seasonal 

rainfall and are dominated by deciduous trees such Brachystegia, Berlinia, and 

Isoberlinia (Fig. 1). These woodlands can be subdivided into a drier and wetter type 

found in areas of more or less than 1000mm/yr, respectively (White, 1983).  The wetter 

miombo type has a higher, denser canopy cover and is frequently associated with other 

trees such as Uapaca (White, 1983).  The drier miombo type displays a more open 

canopy and higher proportion of grasses and Combretaceae (White, 1983). 

Closed-canopy tropical seasonal forests are semi-deciduous assemblages dominated 

by evergreen trees like Myrica, Macaranga, Ulmaceae, and Moraceae, as well as shade-

loving herbs like Urticaceae and ferns.  These forests are not widespread but also occur in 

the low to mid-altitudes along streams as gallery forests and in areas with moister edaphic 

conditions (Fig. 1; Polhill, 1966).  Flooded grasslands with Cyperaceae and Typha are 

present at the lakeshore.   

Above 1500m asl, afromontane grasslands in the mountainous areas are interrupted 

by discontinuous patches of afromontane forests, whose composition varies with rainfall.  

Olea capensis is typical of moister areas (1500-2000mm/yr; 0-3 dry months) from 1500-

2500m asl, whereas Podocarpus, Juniperus, Ericaceae and Olea africana are common in 

drier areas above 2000m asl (800-1700mm/yr; ~4 dry months; White, 1983).  Grasslands 

are widespread at all elevations but are concentrated at the southern end of the lake where 

rainfall is lowest (White, 1983).   
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Prior taphonomic and pollen transport studies suggest that pollen deposited in the 

central basin is transported predominantly by wind (DeBusk, 1994; Debusk, 1997).  

Today, most wind transported pollen comes from north of the lake during the austral 

summer, when NE tradewinds predominate and when the majority of plants flower. 

Although no large rivers drain into the central basin adjacent to the core site, pollen 

transport of riparian taxa, such as tropical seasonal forest, aquatics, and pteridophytes, 

suggests that some pollen is delivered to the lake along streams as well (Debusk, 1997).   

Methods 

MAL05-1B was collected from the central basin of Lake Malawi in 2005 (Fig. 1; 

11º18’S, 34º26’E; 592m water depth). Further details of the core site and age model are 

provided in Scholz et al. (2011a, 2011b), Lyons (2007), and Lyons et al. (2011a). This 

study focuses on a 53-meter core section (61-114 mblf).  The age model is based on 16 

AMS radiocarbon dates, 15 dates on known paleo-magnetic excursion events, 2 OSL 

dates on sand grains, and 1 Ar-Ar date on a tephra, identification of Brunhes-Matuyama 

at 227.5mblf, and additional magnetic excursion and intensity events (Lyons, 2007; King 

et al., unpubl. data; Tables 1 and 2).  Three options of the paleomagnetic interpretation 

which change the age of the base of this interval (>80mblf) are currently under discussion 

and listed in Tables 1 and 2.  One OSL date and five magnetic excursions picks fall 

directly within our section.  

The full stratigraphy and lithology of the interval studied is presented in Figure 3.  

The sediments vary greatly throughout the section but are dominated by silty and clayey 

diatom oozes and homogenous silty clays.  Several intervals show laminae and micro-
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laminae when lake levels were high, and carbonate muds are present as well during 

evaporative periods when the basin is closed (Lyons, 2007).   

All 172 samples were processed using standard methods with the addition of 

Lycopodium spores (Faegri and Iverson, 1989) and were sieved at 10 microns.  Samples 

were taken every ~30 cm, with a target temporal resolution of ~300 years.  Between 300-

500 grains were counted per sample with the exception of the six uppermost samples 

which range from 17-149 grains/sample due to extremely low pollen concentrations.  227 

pollen taxa and 5 freshwater algae were identified using the African Pollen Database and 

atlases of pollen morphology (Maley, 1970; Bonnefille, 1971a, 1971b; Bonnefille and 

Riollet, 1980).  Pollen percentages were calculated against a sum of all pollen and spores 

less undeterminable grains, aquatics (Cyperaceae, Typha, Nymphaea, Polygonum 

senegalense-type, Ottelia, Laurembergia) and undifferentiated bryophytes, which were 

calculated separately (Fig. 4).  Pollen diagrams were drawn using Tilia (Grimm, 1990), 

and zonation was determined by constrained cluster analysis using CONISS (Grimm, 

1987).  The percentage values presented in the results section are average percentages for 

a subzone unless otherwise specified.  Pollen nomenclature follows Vincens et al. 

(2007a), and pollen taxa assemblages described here are based on biomes outlined by 

Vincens et al. (2006) for East African vegetation and used in previous studies in this 

watershed (Vincens et al. 2007b; Ivory et al., 2012).  Tropical seasonal forest is the total 

of Moraceae, Macaranga-type, Celtis, and Trema-type orientalis, and afromontane is 

Podocarpus, Olea, Ericaceae undifferentiated, Myrica, Juniperus-type, Faurea-type, and 

Ilex mitis.  Miombo woodland is only represented by Uapaca in summary figures as this 
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is the highest-dispersing, most indicative taxon in this vegetation type.  Margalef’s and 

Berger-Parker indices of alpha and beta diversity, respectively, were also calculated for 

all pollen samples as a method of determining total biodiversity through time (Margalef, 

1958; Berger and Parker, 1970). 

Climate response surfaces were constructed for all taxa used in the grouping miombo 

woodland and tropical seasonal forest (Macaranga, Myrianthus-type holstii, Celtis, 

Trema-type occidentalis, Uapaca-type kirkiana, and Uapaca-type nitida) in order to 

constrain their biophysical limits following the method of Watrin et al. (2007).  This 

technique involves the creation of probability density functions based on known 

geographical ranges of indicator taxa.  Although a similar technique is used to 

quantitatively reconstruct climatic variables through time (Gajewski et al., 2002), a study 

by Debusk (1997) on modern pollen deposition within the lake suggests that the immense 

size of the basin and transport within the central basin makes the use of this technique 

inappropriate for quantitative reconstructions.  Furthermore, considering the large-scale 

lake level fluctuations occurring during this period, it is likely that the pollen source area 

changed dramatically through time (Lyons et al., 2011b).  Thus, given the uncertainties, 

we have decided to bracket potential climatic limits given these vegetation assemblages 

rather than attempt quantitative reconstructions at this time.  Geographical extent of the 

selected taxa was determined using the Tropicos botantical database of collected 

specimens (www.tropicos.com).  Latitude and longitude of specimens was then used to 

extract climatic data using the Climate Research Unit (CRU) 1961-1990 0.5°x0.5° 

datasets of precipitation and wet days (days/year with <0.1 mm rainfall; New et al., 
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2000).  Although this technique gives some indication of the climatic ranges of 

vegetation assemblages, several uncertainties exist.  First, as tropical seasonal forest taxa 

grow frequently along rivers, the range of precipitation values in which they may be 

found may not accurately reflect their sensitivity to rainfall.  Secondly, due to the 10 

minute spatial resolution of the climate dataset used for this analysis, very fine scale 

microclimatic features due to topography or local conditions are not observed. 

Results  

Pollen preservation is excellent throughout this record and concentrations are high ( 

= 23,480 grains/cm3), with the exception of the six uppermost samples (  = 2758 

grains/cm3).  Abundance of broken or reworked grains is never more than 5.8% but 

typically less than 2%.  Our pollen stratigraphy is divided into seven zones (Fig. 4).  One 

zone has been further subdivided to illustrate trends in important taxa.  Intervals of core 

disturbance greater than 1 meter related to the drilling process will not be discussed and 

are represented by grey rectangles in all figures. 

Zone 1 (115-110.5 mblf) 

The base of this interval contains high proportions of herbaceous taxa, particularly 

Poaceae (max = 73%) and Amaranthaceae (max = 1.6%).  Arboreal taxa, such as Celtis 

(from 0% to a max of 4.8%) and Uapaca (from 0% to a max of 1.8%) typical of tropical 

seasonal forest and miombo woodland, respectively, increase toward the top of this zone 

at the expense of Poaceae. 

Zone 2 (110.5-93.25 mblf) 
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Subzone 2a marks the first large-scale forest phase of the record with high 

proportions of lowland miombo taxa like Uapaca (max = 1.7%) and a sharp increase of 

Afromontane forest, especially Podocarpus (from 1.3% to a max of 59.8%) and Olea 

(from 0% to a max of 12.0%).  Also, indicators of freshwater input to the lake, such as 

Cyperaceae (max = 16.9%), are abundant.  Lowland moist tropical seasonal forest taxa, 

like Celtis (from a max of 7.3% to 0.86%) and Trema (from a max of 2.2% to 0%), 

decrease abruptly, however, while Afromontane forest taxa remain at high proportions 

for the rest of this subzone.  

Although arboreal pollen remains at high proportions throughout subzone 2b, 

Afromontane forest (Podocarpus [24.8%]) shows an immediate abrupt decline, and 

lowland dry miombo taxa, such as Combretaceae (from 0% to a max of 2.6%), rebound.  

Tropical seasonal forest taxa, such as Moraceae (max = 3.0%) and Macaranga (max = 

3.1%), reach an abrupt maximum at the bottom of this subzone only to immediately 

decrease to lower proportions (0.51% and 0.34%, respectively).  At the top of this 

subzone, Poaceae (17.9% to 67.2%) increases in two abrupt steps (95 and 93 mblf) as all 

arboreal taxa decline. 

Zone 3 (93.25-90 mblf) 

This zone shows generally high Poaceae proportions (mean = 78.8%).  Semi-

desert herbaceous and arboreal taxa both become important at the bottom of this zone.  

Obvious expansions of Amaranthaceae (mean = 1.9%), Hymenocardia (mean = 0.48%), 

Commiphora (mean = 0.34%), Acacia (mean = 0.20%), and Parkinsonia (max = 2.0%) 

occur in succession.  However, near the top of the zone, lowland forest, including Celtis 
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(from 0% to a max of 2.3%), Macaranga (from 0% to a max of 2.3%), Trema (from 0% 

to a max of 2.2%), and Uapaca (from 0% to a max of 7.0%), once again begins to 

increase at the expense of Poaceae and semi-desert taxa. 

Zone 4 (90-80.5 mblf) 

Forest expansion is observed by increases in arboreal taxa.  Tropical seasonal 

forest (Celtis [mean = 0.98%], Macaranga [mean = 1.0%], Trema [mean = 0.66%], 

Moracaeae [mean = 1.6%]) and miombo woodland (Uapaca [mean = 3.1%]) taxa are 

already relatively common at the bottom of the zone and remain so until the middle of the 

zone where a gradual decrease is observed.  Afromontane forest taxa (Podocarpus [from 

0.2% to a max of 41.2%]) and fresh water indicators, like Cyperaceae (from 0% to a max 

of 24.5%), increase abruptly and stay at relatively stable abundances throughout the zone. 

Zone 5 (80.5-75.5 mblf) 

This zone registers four relatively abrupt changes.  Poaceae (mean = 79.3%) and 

Amaranthaceae (mean = 0.24%) increase at the base of this zone, while arboreal taxa 

decrease.  Combretaceae (from 0.7% to a max of 1.9%) and Buxus (from 0.7% to a max 

of 3.2%) are the sole trees that initially increase in abundance and remain relatively 

constant in abundance throughout the zone.  At 78 mblf, an event is recorded, where 

arboreal taxa from both afromontane forest (Podocarpus [max = 21.9%]) and miombo 

woodland (Uapaca [max = 2.4%]) increase then returns to low proportions at 77.5mblf.  

Poaceae (from a max of 94.1% to 21.1%) and Amaranthaceae (from a max of 1.6% to 

0%) remain abundant until a very rapid decrease at the very top of the zone. 

Zone 6 (75.5-65.5 mblf) 
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The final forest phase of the record begins at the base of this zone with afromontane 

forest (Podocarpus [mean = 36.6%]) and miombo woodland (Uapaca [mean = 1.4%]) 

returning to high values.  Although afromontane taxa remain abundant, miombo 

woodland, particularly Uapaca and Brachystegia, decrease near 70mblf, well below the 

decrease of highland trees.  Whereas freshwater indicators increase within this zone 

(Cyperaceae [mean = 16.4%]), tropical seasonal forest taxa (mean = 1.0%) remain at low 

proportions. 

Zone 7 (65.5-61.9 mblf) 

This zone is marked by the final decline in all forest taxa and high abundances of 

Poaceae (mean = 61.2%).  The upper 6 samples of this zone from 61.9-63.7 mblf differ 

from the rest in this study as they have extremely low pollen concentrations ( = 2758 

grains/cm3) but good preservation (~2% broken/reworked). 

Discussion 

Vegetation within the Malawi watershed underwent large-scale reorganization 

throughout the period covered by this record.  Although there may be some influence of 

differential transport throughout the interval, the influence of rivers at the core site should 

be minimal (Lyons, 2010).  Three forest phases are readily observable from 110.5-93.25 

mblf (Phase 1), 80-80.5 mblf (Phase 2), and 75.5-60.5 mblf (Phase 3), separated by more 

open vegetation phases (Fig. 5).  Phase 3, the most recent forest phase, is likely 

coincident with the LIG given an OSL date of 126,270 +/- 9500 occurring within this 

zone at 78.752 mblf (Lyons, 2007).  Given the placement of this date and sedimentation 

rate constraints on an adjacent core from the same site, it is also likely that the older two 
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forest phases occur during the PG.  Although all forest phases are similar in that they 

involve a relatively abrupt expansion of arboreal taxa in the lowlands and highlands of 

the watershed, each phase involves a unique complex of biomes.  Following the rapid 

decline of forest at the end of each phase, punctuated periods of profound aridity are 

marked by higher values of steppic herbs (Amaranthaceae) and semi-desert trees (Fig. 5).  

These transitions indicate very strongly contrasting environment gradients through time 

and complex vegetation mosaics very like today (White, 1983; Debusk, 1997). 

Afromontane Forests 

Afromontane arboreal taxa are an important part of the pollen assemblages during all 

three forest phases (Fig. 5).  Although this primarily results from the presence of 

Podocarpus, other forest elements, such as Olea africana-type, Olea capensis-type, 

Juniperus, and Ericaceae undifferentiated, follow this trend as well (Fig. 4).  Podocarpus 

pollen often travels very long distances and is produced in such great quantities that this 

taxon may in fact be found with values up to 1% in surface samples collected over 150 

km from the nearest individual (Vincens, 1982). Although this likely explains the 

dominance of Podocarpus amongst the arboreal taxa in this record, the occurrence of the 

other arboreal montane taxa suggests that expansion of montane forest is occurring in the 

watershed and is not purely an artefact of transport. 

 Although today afromontane forests occur only in the mountains above 1500m asl, 

many studies of the Last Glacial Maximum (LGM) observed a descent of these 

assemblages to lower altitudes caused in part by lower temperature and lower 

atmospheric CO2 (Coetzee, 1964; Livingstone, 1967; Debusk, 1994 ; Jolly and Haxeltine, 
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1996; Street-Perrott et al., 1997).   Although descent into the lowlands was observed in 

the Malawi record for the LGM, Ivory et al. (2012) suggest that afromontane forest 

remained well above 900m asl, thus remaining at a minimum a half a kilometer from the 

lakeshore, which was near modern (478m asl; Lyons et al., 2007).  In the MAL05-1B 

record, very high percentages (>40%), particularly during Phase 1, suggest a much 

greater lowering than even during the LGM (Fig. 5).  In modern Malawi sediments, 

despite the proximity of such populations along the escarpment margins in places within 

a kilometre from the lake shore, values of afromontane forest do no exceed 1% at the 

core site (Debusk, 1997).  Values above 40% are characteristic of samples taken within 

dense afromontane forest, thus these values in fact suggest that forests may have at least 

periodically reached the lakeshore and may have been very widespread in the lowlands 

(Vincens, 1982).   

Given the OSL date at 78.752 mblf of 126,270 +/- 9500, it is likely that the oldest of 

these forest phases occurred during the PG.  If this is the case, the increase in 

afromontane forest taxa during the first two phases may in part be a response to lower 

temperature and atmospheric CO2 (Fig. 5).  However, similar high percentages of 

afromontane forest during the most recent forest phase, which likely corresponds to the 

LIG, cannot be explained by lower temperatures or CO2.   

Thus it is reasonable that another driver is primarily responsible for the afromontane 

forest expansion during all three of these phases.  In fact, many studies have linked pre-

LGM afromontane expansion to enhanced monsoons and greater MAP rather than a 

glacial response to temperature and CO2 (Hamilton, 1982).  Marine records bracketing 
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this time period also record large-scale expansions of afromontane forests into the 

lowlands in West Africa as well as subtropical southeast Africa (Dupont, 2011a; Dupont 

et al., 2011b).  As the relative ages are at this time uncertain, records located off of west 

central Africa may not immediately be considered coeval due to their long distance from 

Malawi, however, a record just south of Malawi off of the Limpopo River also records 

peaks of Podocarpus of similar scale to those observed here (Dupont et al., 2011b).  This 

suggests that the expansion of afromontane vegetation at Malawi may be associated with 

the similar aged peaks elsewhere in tropical and subtropical Africa.  Occupation of the 

lowland tropics by afromontane species during these forest phases may have led to 

mixing and migration of otherwise isolated populations that could in part explain the 

structural and compositional similarity of very disparate populations occupying highlands 

today through Central and South Africa (Hamilton, 1982; White, 1983). 

Additionally, these high Podocarpus percentages suggest that perhaps the 

organization of afromontane forests during these phases was much different than today.  

Modern montane forests within the Malawi watershed today exist in small and often 

degraded patches separated by wide afromontane grasslands because of harvesting of 

wood and agriculture (White, 1983).  Thus percentages of arboreal pollen taxa within the 

afromontane zone today are relatively low (1-15%; Debusk, 1994).  Additionally, 

percentages throughout the Holocene in the northern basin, the basin nearest to these 

vegetation communities, have remained under 5% (Debusk, 1998).  The extremely high 

percentages suggest that in addition to expansion in range due to climatic factors, the 

afromontane zone must have had a larger contribution of forest prior to impact by man.  
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Podocarpus percentages throughout the late Quaternary in the East African lowlands 

remain very low.  Late Pleistocene/Early Holocene records from northern and southern 

Lake Tanganyika as well as Lake Bogoria show maximum expansion during climatic 

optima that never exceeds 23% (with the exception of a single sample from Bogoria near 

28ka of 75% due to exceptional low pollen counts; Vincens, 1987, 1989, 1991, 1993).  In 

the mid-altitudes of Ethiopia at Lakes Abiyata and Langeno, extremely high percentages 

(55-74%), similar to those in the MAL05-1B record, occur during the Early Holocene (7-

6ka) (Lézine, 1981; Mohammed, 1992).  These expansions of dry Podocarpus forests to 

~1500m asl are interpreted as representing a transition a more seasonal rainfall regime; 

however, Podocarpus does not descend into the lowlands at this time.  From the mid-

Holocene, no records below 4100 m asl record percentages of Podocarpus higher than 

40% (Hamilton, 1962; Livingston, 1967; Bonnefille and Chalié, 2000).  This suggests 

that the expansions observed in our record which extend well into the lowlands were 

likely that final descent of such populations into the lowlands.  Additionally, it seems that 

the contribution of arboreal taxa was likely similar in magnitude to the pre-Iron Age, 

extremely high elevation, remote populations observed at Lake Kimili (Hamilton, 1982). 

Finally, rather than systematic and stable high percentage values, each low-frequency 

forest phase is punctuated by short-lived higher frequency events (ex. ~110mblf and 

70mblf) of rapid expansion and contraction (Fig. 5).  Although core disturbance may be 

responsible for a few of these events, such as the apparent rapid expansion of forest at 

79mblf, much of this variability occurs when sediments are intact and are therefore not 

artefacts (Fig. 3).  It is possible that the higher frequency events superimposed on the 
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longer phases could correspond to abrupt wet events.  Given the uncertainty of the ages 

of this interval at the moment, however, it is also plausible that these represent auto-

cyclic events such as disturbances within part of the watershed. 

 Lowland Vegetation 

In the lowland, below 1500m asl, three forest phases can also be identified and are 

coeval with the expansion of arboreal taxa in the highlands (Fig. 5).  However, although 

lowland forest expansion occurs with similar timing as in the highlands, the character of 

each phase is unique and much less regular.  This likely reflects high sensitivity of 

lowland vegetation assemblages to fluctuations in effective moisture.  Furthermore, even 

though taxa specific to tropical seasonal forest and miombo woodland have similar 

responses, the succession of taxa suggests an independent response to environmental 

change. 

 Miombo woodland was relatively common during all three forest phases (Fig. 5).  

This vegetation type is almost exclusively represented by three pollen taxa in our record 

(Combretaceae, Uapaca, and Brachystegia).  The low representation of miombo despite 

its important presence in the modern watershed is due both to the very homogenous and 

low diversity nature of miombo woodland and the predominance of low pollen 

producing, zoophilous taxa from the Caesalpinioideae subfamily (White, 1983).  Uapaca, 

a very common and relatively easily dispersed taxon, is by far the most prevalent 

indicator of woodland expansion and occurs at high abundances in all forest phases (Fig. 

4).  However, despite this, Uapaca only remains consistently high throughout Phase 2.  In 
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contrast, in Phases 1 and 3, its highest abundances occur only at the beginning of the 

phase and decrease long before afromontane forest. 

Unlike Uapaca, Brachystegia only reaches high abundances very rarely (Fig. 4).  In 

modern miombo woodlands within the Malawi watershed, Brachystegia is the most 

common arboreal species (White, 1983).  This dominant woodland taxon is typical in 

denser woodland communities with a taller structure and may also grow in moister, 

waterlogged soils (Backeus et al., 2006).  However, the relatively large pollen grains and 

the zoophilous pollination strategy of this taxon results in a very poor representation in 

the pollen record.  In lake surface sediment samples at modern Lake Malawi adjacent to 

areas where miombo is the predominant vegetation type, this pollen type never exceeds 

2.4% and is most commonly ~0.7% (Debusk, 1997).  Therefore, an occurrence of 

Brachystegia, even when sporadic and short-lived, likely represents phases of woodland 

expansion.  Higher percentages occurred twice during Phase 2 (82 mblf and 86 mblf) as 

well as twice during Phase 1 (68 mblf and 74.5 mblf) (Fig. 4).  The relatively low but 

consistent values of Brachystegia during Phase 3 signifies a mosaic of woodland types of 

varying structure within the watershed at this time and the relative stability of this 

generally sensitive biome. 

Although the other arboreal assemblages appear during each forest phase, the 

expansion of tropical seasonal forest occurs only during the oldest two forest phases (Fig. 

5).   Furthermore, the highest abundance of this moist, drought-intolerant forest type only 

occurs briefly and does not last the entirety of the forest phase.  During Phase 1, two 

peaks are recorded at the beginning and near the middle of the phase (92 mblf and 112 
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mblf).  Phase 2, however, only records a single peak in tropical seasonal forest abundance 

near 90 mblf.   

In contrast, unlike miombo woodland taxa, tropical seasonal forest never completely 

disappears from the record, even during more open phases when arboreal taxa are rare 

(Fig. 5).   Although this seems at odds with the idea that this assemblage cannot tolerate a 

long dry season or extreme aridity, it likely suggests the presence of small corridors of 

riparian forest along permanent streams and waterways even during hyper-arid 

conditions.  In modern sediments, tropical season forest only occurs in high values near 

river mouths (Debusk, 1997).  The lower lake levels during these hyper-arid times 

(<180m depth; ~<66m asl) position the core site much nearer river deltas (Lyons, 2007; 

Stone et al., 2011).  Thus pollen grains from these moister habitat taxa still appear in the 

record despite very open vegetation as long as a few areas with enough edaphic moisture 

to support them persist.  During the forest phases, the highest peaks of tropical seasonal 

forest only occur during periods of high lake level with near modern lake surface 

elevation (Fig. 5).  At these times, this vegetation type must have greatly expanded in 

comparison today, as deltas and sources areas would be much more distant from the core 

site yet pollen percentages remain high (Lyons, 2007).  

The absence of tropical seasonal forest during Phase 3 is curious given the high 

contribution of arboreal taxa from other highland and lowland vegetation assemblages 

(Fig. 5).  The presence of wetter miombo and descent of afromontane forests as well as 

high lake levels suggest that the monsoon was intensified at this time (Lyons, 2007).  

Climate response surfaces produced for both lowland forest types show that they do 
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indeed occur under similar values of MAP (Fig. 6).  In fact, the range of tolerance of 

tropical season forest has a 95% probability distribution from 687 to 2625 mm/yr, which 

is much wider than that of miombo (95% probability of 884-2170 mm/yr).  As the range 

of probabilities for miombo falls completely within that of tropical seasonal forest, the 

presence of miombo and absence of tropical seasonal forest cannot easily be 

distinguished based on this climatic parameter for Phase 3.  However, figure 6 also shows 

the climate response surfaces of both assemblages for the average length of rainy season, 

here called wet days.  It is clear that while there is some overlap, miombo woodland 

tolerates a much shorter rainy season length (95% probability of 86-135 days) than 

tropical season forest (95% probability of 102-198 days).  This suggests that during 

Phases 1 and 2 when both lowland assemblages occur contemporaneously, the rainy 

season length must have been greater than 102 days and less than 135 days/year.  In 

contrast, in Phase 3 there must have been a much shorter rainy season between 86 and 

102 days/year.  This conclusion is in agreement with a sensitivity analysis performed by 

Hély et al. (2006) using the LPJ-GUESS model which showed a very high sensitivity of 

this vegetation type to dry season length.  This suggests that while vegetation may have 

been denser and more heterogeneous during the first two phases, MAP was not 

necessarily greater. 

Between the forest phases, arboreal taxa drop to very low values (Fig. 5).  These two 

intervals, from 90-93 mblf and to 75.5-80.5 mblf, are dominated by grass and other 

herbaceous taxa (Fig. 5).  These taxa are primarily xerophytic and steppic herbs, such as 

those of the Amaranthaceae family.  These two phases represent a dramatic recession of 
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forest and woodland taxa in both the lowland and highland.  Woodland virtually 

disappears during these times from the watershed, and low values of tropical seasonal 

forest suggest perhaps remnant communities restricted to riparian corridors.   The few 

trees that do occur are semi-desert or wooded grassland taxa such as Acacia, Parkinsonia, 

Commiphora, Tribulus, and Hymenocardia (Fig. 5).  This implies that the vegetation was 

very different than today within the Malawi watershed during these times, with some 

open and wooded grasslands or scrubland.  Although some Acacia wooded grassland 

does occur in the southern region of the watershed, the absence of charcoal during these 

phases highlights a more substantial reduction in vegetation cover, such that vegetation is 

likely highly degraded and discontinuous (Fig. 5).This is a strong indication that the 

landscape was likely dominated by a semi-desert vegetation too discontinuous to sustain 

fires (Cohen et al., 2007).  This illustrates that both ecosystem structure and function 

were much different than today, as regular fires are an important factor in the modern 

watershed to sustain woodlands (Malmer, 2007). These two semi-arid phases are much 

drier and likely represent a longer dry season than all three forest phases.   The near 

disappearance of taxa such as Uapaca and Moraceae during these phases suggests that 

precipitation at this time was less than 500 mm/year and the dry season extended to more 

than 200 days/year (Fig. 6).  

Despite the arid conditions during these two phases, the driest period occurs at the top 

of the core interval studied here where very low pollen counts and high grass percentages 

result from a coupling of poorer preservation due to oxidation of pollen deposited at the 

core site.  This phase corresponds to a severe megadrought recorded and dated in the 
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adjacent core MAL05-1C to 105-95ka (Cohen et al., 2007).  During this phase, the lake 

was reduced to a shallow (~125m), saline, alkaline, well-mixed lake.  The pollen 

concentrations during this zone are too low to make accurate interpretations of the 

vegetation cover (Fig. 3); however, other paleoecological research suggests near desert 

conditions during this time and rainfall <400mm/yr (Cohen et al., 2007). 

At the inception and end of each forest phase, the expansion and collapse of arboreal 

taxa is abrupt (Fig. 5).  However, lake level changes of up to 500m also occur throughout 

this interval (Lyons, 2007).  Although the forest transitions appear very abrupt in the 

pollen record, the effect of differential transport and changing source areas on the 

vegetation recorded by pollen should be taken into account throughout this time. 

Particularly in the case of afromontane forest, where lowering lake level during arid 

phases increases the altitude between the lake shore and these assemblages’ source area 

artificially, this factor may have a dramatic influence and must be taken into account.  

The lowering percentages of afromontane taxa therefore may partially be due to the 

increased in distance that a pollen grain must travel in order to reach the lake surface and 

be deposited.   Additionally, although sedimentation rates changes cannot be addressed at 

this stage, lithostratigraphic evidence of significant rate changes during lake regressions 

and transgressions may have played some complementary role.  Thus, we argue that the 

abruptness of the afromontane forest transitions may be accentuated by the lake level 

changes but are not driven by them.  Percentages of very well dispersed grains such as 

Podocarpus and Olea reach zero values during these arid phases (Fig. 4).  In modern 

Malawi sediments, even in the southern tip of the lake, which is situated nearly 200km 
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from any afromontane forest, these pollen types are always present and are commonly 

above 1% (Debusk, 1997).  Furthermore, abrupt transitions are observed as well in the 

miombo woodland assemblages, particularly Uapaca, whose expansion and collapse 

occur relatively gradually during the first phase but mirror the abruptness in the high-

altitude forest during the other phases (Fig. 4, 5).  This lowland taxon frequently occurs 

within proximity to the lake and is well-dispersed, thus should not be taphonomically 

affected by lake level change.   

This suggests that despite the effect of lake level changes, the response of vegetation 

to an altered moisture regime was in reality relatively rapid, occurring at a sub-millennial 

time-scale.  This suggests very steep environmental gradients through time in the Malawi 

watershed, expressed in the core record over a depth of several meters.  It seems likely 

that vegetation changed from a lush mosaic of afromontane, tropical season forests and 

woodlands to semi-desert (Fig. 5).   

Vegetation communities on the leeward side of the basin and promontories receive 

large amounts of moisture recycled off the lake surface, particularly during austral winter 

when dry SE winds are common.  Reduction of lake surface area during times of 

lowering lake level likely has dramatic effect on vegetation communities.  The abruptness 

of these shifts could in part have been caused by a reduction in recycled moisture and a 

non-linear collapse of woodland and forest communities following the lowering of the 

lake below a required threshold.     
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LIG/PG Biodiversity 
 

Along with the large-scale changes in the vegetation assemblages of the Malawi 

watershed over our study interval, an associated change in biodiversity is also observed.  

As the pollen spectra record changes in the aggregate of vegetation communities across a 

broad landscape, rather than a single community, these indices represent an inter-

community diversity at the eco-regional scale.  Species richness, or the number of species 

across the eco-region, was estimated by the Margalef’s Index, with high values indicating 

higher species richness (Margalef, 1958).  This index shows higher values in general 

during the forest phases and lower values during the degraded phases (Fig. 5).  Within 

each individual forest phase, however, the values are not stable.  In particular, during the 

Phases 1 and 3, high-amplitude, oscillations occur that likely reflect the variability of the 

contribution of tropical seasonal forest in the lowland, suggesting these values are highly 

sensitive to minor climatic perturbations.  Phase 2 is clearly the most species rich and 

also the phase with lowest internal variability, possibly because of the high contributions 

of both lowland vegetation assemblages.   

Perhaps the most striking observation, however, is the difference in species richness 

between degraded phases (Fig. 5).  The oldest degraded phase records the minimum 

richness of the record; however, although the second degraded phase does show some 

diminishment of richness, the decrease is very small.  This is in part due to the higher 

contribution of wooded grassland trees, such as Hymenocardia and Commiphora, as well 

as a short-lived abrupt expansion of forest at 79 mblf.  
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Evenness, a metric of the contribution and dominance of each species, is estimated 

using the Berger-Parker Index where high values suggest greater evenness.  This index 

also shows greater values during the forest phases relative to the degraded phases (Fig. 

5).  This suggests that although the forest phases are more species rich, the lowland and 

highland forests are very even.  This likely results in part from high concentrations of 

Podocarpus pollen during these phases; however, miombo woodlands and afromontane 

forests today are in fact frequently dominated by a few taxa (White, 1983).  Thus, this 

likely also reflects the true character of the arboreal assemblages at the time.    

Also, unlike species richness, variability of evenness during the forest phases is 

minimal (Fig. 5).  This implies that the dominant taxa in the record which create much of 

the evenness within a vegetation assemblage are largely unvarying within a phase.  

Instead, the rare taxa vary much more within a single phase.  This could have been 

caused by either competition of species struggling to establish or by greater 

environmental sensitivities of certain taxa. 

Total biodiversity is the combination of richness and evenness.  The first two indices 

imply that total diversity contrast for forest and degraded phases.  In general, the forest 

phases are more species rich but very even, whereas the degraded phases are species poor 

and heterogeneous (Fig. 5).  There is however a marked decoupling of these indices 

during the transitional periods.  During the expansion of forest for all three phases, 

species richness increases first and is then followed several meters above by an increase 

in evenness.  This suggests that during the transitions, expanding forests and retreating 

grasslands/semi-desert trees occurred contemporaneously for a period of time.   
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Implications for paleoclimate 

The age model for MAL05-1B will be untuned and is still under discussion; 

however, relative placement in time of the events in the record is possible.  The 

uncertainty in ages for the upper sections of our studied MAL05-1B core interval is much 

lower than the older sections.  This is a result of correlation of the upper portion of our 

studied interval of MAL05-1B with the previously dated adjacent core MAL05-1C until 

145ka (85mblf).  Additionally, an OSL date on core MAL05-1C occurring within this 

interval of 126,270 +/- 9500 at 78.752 mblf provides additional constraint (Lyons, 2007; 

Scholz et al., 2007; Table 1).  Assuming continuity within this interval, this allows us to 

form some broad conclusions concerning the climate controls on vegetation during the 

LIG and PG.  For further precision, the majority of this interval is constrained by 

paleomagnetic excursion events; however, beginning at 80mblf, 3 alternative 

interpretations exist (Tables 1, 2).  As a result of this uncertainty in the lower half of the 

studied interval, only vegetation changes with resptect to the PG and LIG will be 

discussed. 

Based on our existing age constraints, the largest-scale oscillations between forest 

phases and open, degraded vegetation occur during both the PG and LIG at 10ºS (Fig. 7).  

Expansion of arboreal taxa in this record occurs coeval to increases in lake level that 

suggest overall higher rainfall during these times and positive effective moisture (Lyons, 

2007).  This result suggests a possible relationship to other studies which observe 

enhancement of the tropical circulation during the summer seasonal when insolation is 

locally high (Rossignol-Strick, 1983; Cohen et al., 2007).   Due to the lack of precise age 
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information in this interval, it is impossible to say if the dominant vegetation signal 

which determines the contribution of woody biomass on the landscape is related to the 

intensity of summer rains which follows regional southern hemisphere controls, instead 

of a global northern hemisphere high-latitude control.  However, as the steep 

environmental gradients inferred from the pollen record occur during both glacial and 

interglacial periods, this highlights the importance of a higher frequency forcing 

mechanism not associated with the high latitudes.  The strong control of North Atlantic 

temperature and ice volume on African hydrology during Termination 1 is likely due 

very low eccentricity over the last 60ka (Cohen et al., 2007).  

The vegetation assemblages within each forest phase are unique.  Phases 1 and 2, 

which likely occur during the PG, show pulses of moist, drought-intolerant tropical 

seasonal forest. Phase 3, most recent phase, however, was different.  This phase, which 

likely occurred during the LIG, was characterized by a more open, fire-prone landscape 

dominated by miombo woodland.  This differential response of vegetation during the LIG 

and PG suggests that northern hemisphere teleconnections were important for vegetation 

at Malawi, but that this forcing was superimposed on the higher frequency forcing (Fig. 

7).  During the forest phases of the PG, the dry season was short, thus the ITCZ was 

further south. Additionally, as a result of high ice volume and cooler global temperatures 

which existed at the time particularly in the northern hemisphere, the ITCZ may have 

spent more time in the southern hemisphere, further increasing effective moisture at the 

site.  During the PG degraded phases, the ITCZ must have been very far north, which 

made for a long dry season with higher insolation and low summer rainfall.   
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The case, however, is more complicated when northern hemisphere ice was low, 

and temperature was high.  The inter-hemispheric temperature gradient of the LIG would 

have been more like today.  This suggests that during this time, the ITCZ would have 

been displaced toward the north.  Thus, the forest phase during the LIG occurred during a 

time of enhanced monsoon rainfall, but the ITCZ must have spent more time in the 

northern hemisphere as a result of high northern hemisphere temperatures.  This would 

have resulted in a longer dry season and more evaporation during the austral winter. 

Conclusions 

Pollen from the Lake Malawi drill core MAL05-1B records the vegetation history of 

southeast Africa over a time corresponding to the end of the PG and the LIG.   During 

this interval, vegetation tracked regional hydrology and lake level fluctuations very 

closely.  This resulted in three large-scale cycles of wet periods marked by forest 

expansion alternating with extreme aridity indicated by open, degraded grasslands and 

semi-desert vegetation. 

Despite the seeming simplicity of the oscillations, each forest phase was marked by a 

unique mosaic of vegetation assemblages.  During the oldest two phases, watershed 

vegetation was extremely heterogeneous, with expansion of afromontane forests into the 

lowlands.  Additionally, miombo woodland dominated the drier, better drained areas, and 

tropical seasonal forest expanded away from the riparian corridors, which are restricted in 

the watershed today.  These mosaics indicate a very lush, forest dominated landscape 

indicative of moderate MAP and very short dry seasons.  The final forest phase differed 

in the relative absence of tropical seasonal forest.  Biophysical limits of forest and 
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woodland assemblages suggest that this phase was therefore a time of high MAP but very 

long dry season. 

Although the forest phases were very species rich in comparison to the open phases, 

the dominance of certain taxa suggest that, despite the mosaic of vegetation assemblages, 

composition within each assemblage was relatively even.  The composition of the well-

studied vegetation associations with in the watershed today are not greatly altered from 

these earlier forests despite the dramatic reshuffling imposed by climate. 

The pollen record demonstrates the migration and elevational expansion/contraction 

of two important centres of endemism, tracking the profound environmental changes 

which were occurring over this interval.  During wetter phases, afromontane forests were 

displaced into the lowlands.  These descents from their prior high-elevation “sky island” 

settings were likely contemporaneous with expansions elsewhere, suggesting the 

possibility for very recent mixing of high-elevation flora.  This could explain the similar 

composition of assemblages throughout central and southern Africa.  In addition, during 

the driest phases, taxa with Somali-Masai biogeographic affinities were present in the 

Malawi watershed.  It seems likely that the high magnitude environmental variability and 

extreme aridity in the region at the time resulted in large range displacements of species 

whose ranges are now quite limited. 

Finally, we show that preliminary age data on this record suggest that forest 

expansion occurred during the LIG and PG.  The expansion of forests was controlled by 

higher effective moisture and short dry seasons in the watershed linked to a southerly 

ITCZ.  In contrast, the open phases and extreme aridity observed in the record seem to 
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have been related to long dry seasons and low summer rainfall caused by a northward 

displacement of the ITCZ.  Further refinements of our age model may allow us to 

investigate the possible causing of the higher frequency forcing mechanism resulting in 

these high gradient environmental changes in the southern hemisphere.   

This study has important implications for projected future hydrologic changes in 

Africa and vegetation assemblage migration patterns that created today’s unique diverse 

biogeography.  Additionally, as this is a key area for hominid evolution, this may provide 

some insight on the environmental conditions and migration patterns of early humans. 
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Figures 
 
Figure 1. a) Map of East Africa showing Lake Malawi, b) map of core site and watershed 

vegetation (adapted from White, 1983), c) climatology of the modern watershed with 

monthly mean rainfall (blue) and temperature (red) based on NCEP/NCAR Reanalysis 

data. 
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Figure 2.  a) Mean annual precipitation in Africa and boundaries of major convergence 

zones, b) mean rainy season length based on CRU 1961-1990 0.5°x0.5° datasets (New et 

al., 2000). 
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Figure 3.  Lithology and stratigraphy of MAL05-1B over the interval used for pollen 

analysis.  Samples indicated by black dots. 
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Figure 4.  MAL05-1B pollen percentage diagram of important taxa and biome 

associations.  At the far right of the diagram are pollen zones, forest phases, and the core 

stratigraphy within this section. 
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Figure 5. MAL05-1B vegetation indicators.  Percentages of biome assemblages 

(Afromontane forest, miombo woodland, tropical seasonal forest, semi-arid trees, 

Poaceae, Amaranthaceae), charcoal concentration, and indices of species richness and 

evenness. 
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Figure 6. Climate response surfaces of lowland arboreal vegetation associations for wet 

days and mean annual precipitation (MAP). 
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Figure 7. MAL05-1B vegetation and climate.  Percentages of afromontane forest, tropical 

seasonal forest, miombo woodland, dry woodland, and charcoal concentration from Lake 

Malawi.  The OSL date the shows the relative placement of the LIG and PG is marked at 

the bottom. 
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Tables 

Table 1.  Ages for the chronology of site 1 from cores MAL05-1C and MAL05-1B. 

mblf age (BP) ± method
0.555 816 67 AMS radiocarbon

1.7 1772 50 AMS radiocarbon
3.705 4273 95 AMS radiocarbon
5.46 7141 90 AMS radiocarbon

6.705 11009 138 AMS radiocarbon
7.5075 12628 79 AMS radiocarbon

7.9 13329 145 AMS radiocarbon
8.5075 14565 313 AMS radiocarbon
9.4565 18451 222 AMS radiocarbon
9.5565 18799 180 AMS radiocarbon
10.545 21528 470 AMS radiocarbon
11.524 23973 267 AMS radiocarbon
12.458 26590 427 AMS radiocarbon
14.09 30890 214 AMS radiocarbon

15.806 36139 423 AMS radiocarbon
21.053 50457 3243 AMS radiocarbon
28.09 73000 Toba ash

55.972 107420 7580 OSL
78.752 126270 9500 OSL
227.5 730000 Brunhes/Matayama
243 921000 Ar/Ar on tephra

250.5 932000 Santa Rosa
271.5 987000 Upper Jaramillo
293.5 1068000 Lower Jaramillo
314.5 1115000 Punaruu
347.5 1190000 Cobb Mountain top
355.5 1215000 Cobb Mountain Bottom
382.5 1255000 Bjorn  
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Table 2.  Paleomagnetic excursion events identified from core MAL05-1B and alternate 

chronologies. 

excursion event age (BP) Alternative 1 (mblf) Alternative 2 (mblf) Alternative 3 (mblf)
4a 61000 26.3 26.3 26.3
5a 100000 68.2 68.2 68.2
5b 123000 75.8 75.8 75.8
6a 132000 80 80 80
6b 160000 101 83.9 91
7a 190000 116.5 91 106
7b 220000 129.5 108.2 116.5
8a 260000 137 116.5 129.5
9a 300000 143 129.5 143
9b 330000 146 143 150.3

11a 400000 150.3 150.3 156
13a 495000 171.5 171.5 171.5
14a 535000 181.18 181.18 181.18
15a 575000 192.22 192.22 192.22
15b 605000 194.9 194.9 194.9
17a 665000 207.96 207.96 207.96  
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Abstract 
 

Warmer temperatures during the last Interglacial (130-115ka) have led many to use this 

period as an analog for studying the environmental effects of future anthropogenic 

warming.  Paleodata have long suggested a strong connection between summer insolation 

and hydrology.  In fact, African hydrology then was very different from today with 

vegetation extending far into the Sahara and large-scale droughts in much of East Africa. 

Since orbital configuration was much different than today, however, it is unclear whether 

the Last Interglacial can serve as an informative analog.  Nevertheless, paleoclimate 

simulations are a powerful method of validating models used for future projections of 

environmental change, particularly Earth System Models, which rely not only on accurate 

representation of climate but also biogeochemical processes in the model. 

In this analysis, we use the GFDL ESM2M to compare and contrast the climate and 

vegetation on continental Africa for the modern Preindustrial period with preliminary 

results from a simulation of the last Interglacial.  Although, annual insolation and 

temperature anomalies are small, the increased magnitude of the seasonal insolation cycle 

in the northern hemisphere and a reversed seasonal inter-hemispheric thermal gradient 

result in large precipitation anomalies with respect to the present in both northern and 

southern Africa during the respective summer seasons.  Simulated biomes in areas of 

modern desert are markedly denser, consisting of grassland and wooded grassland, in the 

northern hemisphere as far as 20ºN.  These results are in agreement with paleodata, 

suggesting that the main differences from today of last Interglacial hydrology in Africa 

are primarily from atmospheric and oceanic circulation associated with the effect of 
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insolation on the W. African monsoon and the ITCZ.  It must be noted, however, that 

absolute changes from today are small, even for the seasonal extremes, and that the 

overall differences between the last Interglacial and today fall within the simulated range 

of variability of the modern period in the model. As the alteration of orbital configuration 

alone as boundary conditions for the Last Interglacial simulations result in climate and 

vegetation that match the paleodata, using this period for a direct analog in tropical 

Africa to future warming should be done with caution. Future work, including more 

detailed analysis of the variability within ESM2M, across different Earth System Models, 

and other last Interglacial simulations to create an ensemble, will strengthen our ability to 

make definitive claims about using the last Interglacial as an analog for our 

anthropogenic future. 
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Introduction 
Anthropogenic climate change is one of the most pressing challenges facing scientists 

today.  Tropical African ecosystems in particular are very sensitive to thermal and 

hydrological fluctuations (IPCC, 2007).  In the tropics, ecological shifts are likely to have 

devastating effects on millions living directly off the land, and little infrastructure exists 

to mitigate altered resource availability.  In addition, the fragility of tropical grasslands an 

forests to climate change is likely to have an important influence on our ability to control 

atmospheric CO2 in the future (Cox et al., 2013).  Projections of future climate and 

vegetation rely on dynamical models, such as those used for the IPCC; yet, much 

uncertainty stills exists due to our incomplete understating of feedbacks between the 

biosphere and climate, as well as the presence of known and unknown model biases (Cox 

et al., 2013).  Simulations of past climates and comparisons with paleoclimate and 

paleoenvironmental data are important to both validate models and test the models.  

Assessing the modern model simulations is essential for understanding potential 

ecological shifts and changes in resource availability in the near and long term in climate 

change hotspots like tropical Africa (Diffenbaugh and Giorgi, 2012).   

Additionally, studies of past climates can elucidate the mechanisms that control 

changes in the Earth system.  Recently, many studies have focused on past periods of 

warmer than modern temperatures, such as the Last Interglacial (MIS 5e; LIG), as 

possible analogs for understanding potential future implications of the present warming 

(Otto-Bliesner et al., 2006; Braconnot et al., 2008).  The LIG, beginning about 130ka was 

a period of warmer than modern temperatures (+ 0-4°C; Otto-Bliesner et al., 2006).  
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During the LIG, hydrology in Africa was much different.  An enhanced African monsoon 

increased Nile discharge into the Mediterranean (Rossignol-Strick, 1983).   Lakes existed 

in areas of the Sahara that are now dry, and the dunes of the Kalahari were inactive (Petit-

Maire et al., 1994; Stokes et al., 1997).  Although modern preindustrial radiative forcing 

was similar to that of the LIG, orbital configuration was much altered, leading to a 

significantly different inter-hemispheric thermal gradient (Berger, 1978).  Because of the 

influence of insolation on monsoon circulation, it is unclear how appropriate the LIG may 

be as an analog for the warming as a result of higher GHGs in tropical Africa.  

For many years, studies within inter-tropical Africa have observed a strong 

correlation between local summer insolation and regional hydrology (Rossignol-Strick, 

1983; Scholz et al., 2007; Cohen et al., 2007; Verschuren et al., 2009).  Though few 

records of past climate and vegetation exist in Africa prior to the Last Glacial Maximum 

(LGM; ~21-18ka), existing marine and terrestrial data show multiple relatively rapid and 

large-scale transitions of rainfall and land cover throughout the African tropics from 160-

70ka (Partridge et al., 1997; Beuning et al., 2011; Dupont, 2011).  During the LIG, 

evidence of unusually humid conditions in north tropical Africa coeval with drought in 

southern Africa suggest that these high amplitude changes, observed in many African 

records, are indicative of a long-term pattern of rapid wet-dry transitions that occurred 

asynchronously across the continent.  Cohen et al. (2007) attribute this enhanced 

variability and the migration of arid conditions to high-amplitude shifts in insolation due 

to the effects of increased eccentricity on precessional cycles from ~135-90ka.  These 

large fluctuations in insolation and seasonality, which had earlier been observed in high-
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latitude ice cores and oxygen isotope records, are expressed as dramatic changes in 

atmospheric circulation and rainfall.   

In order to better understand the role of insolation in LIG hydrology in Africa, we 

performed simulations using the GFDL Earth System Model ESM2M.  This fully 

coupled biogeochemical model allows for the reconstruction of African climate and 

biomes under LIG boundary conditions.  Finally, in order to validate the simulation, these 

simulations are then evaluated against existing marine and terrestrial paleo-records from 

the literature. 

Methods 

Insolation and Orbital Parameters 

The amount of insolation received at any point on the Earth’s surface varies as a 

result of obliquity, precession, and eccentricity, known collectively as the Milankovich 

cycles.  Whereas precession is largely responsible for changes in the timing and length of 

the seasons relative to the solstices and equinoxes, it can also affect the intensity of the 

seasons depending on the relative position of the Earth at perihelion.  For example, at 

present during the northern hemisphere (NH) winter solstice and southern hemisphere 

(SH) summer solstice, the Earth is near perihelion (Fig. 1).  As the Earth is closer to the 

sun during the NH winter season and farther during the NH summer season, this buffers 

the NH from extremes in both seasons.  In addition, the passage at aphelion is slower than 

at perihelion, resulting in a milder and longer summer in the NH (Berger, 1978).  The 

opposite is true for the SH, which experiences harsher, longer winters.   
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The situation was much different at the beginning of the LIG when the seasons 

were shifted 180º relative to the vernal equinox.  At this time, summer NH insolation was 

high and winter insolation was low, causing enhanced seasonality.  Although precession 

is a key parameter in climate on long time scales, eccentricity modulates the magnitude 

of precession.  Precessional effects are larger when eccentricity is large, making long 

summers longer and long winters longer (Braconnot et al., 2008).  In addition, the 

increased amplitude of insolation with high eccentricity implies that for each half 

precessional cycle (high to low or low to high), a greater net change in insolation occurs 

over the same amount of time. 

Despite the fact that LIG precession was 180º shifted, annual net insolation was 

not much altered, as higher summer insolation and lower winter insolation cancel each 

other out.  However, peak summer insolation anomalies were quite notable. At 23ºN, 

insolation during summer was as much as 11.9% higher than modern, while at 23ºS, 

insolation in summer was as much as 7.7% lower (Fig. 1; Berger, 1978).   

Experimental Design 

We performed a set of equilibrium experiments to investigate the effect of orbital 

configuration on LIG climate and vegetation in Africa in the Geophysical Fluid 

Dynamics Laboratory (GFDL) Earth System Model (ESM).  The experimental period 

considered (a preliminary simulation of 125ka) is compared to a simulation from 0ka 

(pre-industrial control) that was downloaded from the Climate Model Intercomparison 

Project 5 (CMIP5) website (http://www-pcmdi.llnl.gov/).  The 125ka period was chosen 

in order to the highlight the effect a 180º shift of precession and higher eccentricity on the 
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seasonal distribution of insolation, the position of the ITCZ, and the intensity of 

monsoons.  The LIG simulation was integrated with boundary conditions for greenhouse 

gases and ice sheet extent identical to those used in the pre-industrial control (Table 1).  

The only alteration was the orbital configuration (eccentricity, precession, and obliquity), 

which follow Berger (1978; Table 1).  Although there are slight differences in greenhouse 

gases and ice sheet extent during the LIG in comparison to pre-industrial, we seek to 

evaluate the effect of orbital configuration alone.  Regardless, the use of modern ice is 

likely a good analog to LIG conditions as recent studies suggest Greenland ice sheets 

were only several meters lower than present and of similar spatial extent (Dahl-Jansen et 

al., 2013). 

The GFDL ESM2M is a global climate model with fully-coupled, dynamic carbon 

chemistry and is composed of the same atmosphere and ocean components as CM2.1, a 

physical coupled climate model used in IPCC AR4 future climate projections (IPCC, 

2007).  CM2.1 has been evaluated alongside other models in numerous studies and has 

been found to perform better than most others of its generation (IPCC, 2007).  

Additionally, ESM2M has been found to simulate the major features of climate and the 

carbon cycle, including mean state and variability, with high fidelity (Dunne et al., 

2012a).  Full diagnostics of model performance in comparison with observations can be 

found in Dunne et al. (2012a) and Dunne et al. (2012b), thus a full comparison of model 

output with modern climate is outside of the scope of this article.   

ESM2M is composed of atmosphere, ocean, sea ice, iceberg, land, and vegetation 

components which interact dynamically.  The atmosphere and ocean are virtually 
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identical to CM2.1, as described in Delworth et al. (2006), with the additional of 

biogeochemistry.  The atmosphere component, based on the AM2 model, has a horizontal 

resolution of 2º x 2.5º with 24 vertical levels and uses a D grid with finite volume 

advection (Anderson et al., 2004).  The ocean component is the Modular Ocean Model 

version 4p1 (MOM4p1) and uses vertical pressure layers.  MOM4p1 has a horizontal 

resolution of 1º narrowing to 1/3º at the equator with 50 vertical levels (Griffies, 2009).  

The land component has updated hydrology, physics, and terrestrial ecology 

(Shevliakova et al., 2009). The atmosphere, ocean, and land components are updated 

every 30 minutes, with fluxes between components occurring on a time step of 2 hours. 

The LM3 land component of ESM2M is dynamically coupled to the atmosphere and 

ocean in order to represent terrestrial water, carbon, and energy fluxes.  This land surface 

model has representations of the dynamic processes that control ecosystems, including 

physiological, biophysical, and biogeochemical processes in addition to population 

dynamics, competition between plant functional types (PFT), and disturbances in order to 

reconstruct the spatial extent of PFTs and their carbon and water budgets (Shevliakova et 

al., 2009).  LM3 has 5 carbon pools (leaves, fine roots, sapwood, heartwood, and labile) 

which are updated daily and determine vegetation type and structure.  The LM3 

framework reconstructs five PFTs (only three of which are common in Africa: tropical 

evergreen trees, tropical deciduous trees, grasses) based on leaf physiology, leaf 

longevity, and carbon biomass between stems, roots, and leaves.   

In order to more accurately represent African vegetation, we defined biomes by using 

the method developed by Hely et al. (2006).  For this, we used model calculated values of 
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Leaf Area Index (LAI), woody biomass, and phenology that have been associated with 

specific, well-studied African biomes adapted from the potential vegetation of White 

(1983): equatorial moist tropical rainforest, tropical seasonal forest, afromontane, 

deciduous forest or woodlands, savannah, Sahelian grassland or steppe, and desert.  LAI 

(m2 of leaves/m2 of ground) is an important indicator of canopy structure of vegetation.  

The advantage of this method over modeled PFTs is that reconstructions of biomes from 

simulations are directly comparable with reconstructions from modern and fossil pollen 

flora assemblages (Vincens et al., 2006).  A summary of these definitions can be found in 

Table 2.  The afromontane biome occurs only in isolated islands in the mountainous areas 

of East and West Africa and is not distinguishable in the model reconstructions because 

of the resolution of the LM3 grid. 

Initialization and integration of the pre-industrial simulations is described in detail 

in Dunne et al. (2012a).  ESM2M was initialized with present day ocean temperature and 

salinity based on the World Ocean Atlas, then integrated for 1000 years with pre-

industrial boundary conditions for solar and radiative forcing (Table 1).  The land 

component is initialized off-line in order to establish base-line carbon pools, then coupled 

to the ESM for integration.  For the LIG simulation, we began from the pre-industrial 

spin-up described above. Then the model was integrated for 850 years using the boundary 

conditions listed in Table 1.  Based on previous studies, vegetation carbon pools should 

reach equilibrium after 250 years (Shevliakova et al., 2009), although soil carbon takes 

longer to reach equilibrium.  The model was run for 850 years until soil carbon pools and 

deep ocean temperatures were at equilibrium.  For all further investigation of model 
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output, 20 years of data was used from years 800-820.  For an in depth look at biases in 

Africa, ESM2M pre-industrial precipitation and LAI are compared with observational 

data from University of East Anglia’s Climate Research Unit, the 1961-1990 CRU 10 

minute precipitation and 2000 MODIS LAI.  Data was downloaded from 

http://www.cru.uea.ac.uk/cru/data/hrg/tmc/ and http://neo.sci.gsfc.nasa.gov/Search.html.   

Calculated Indices and Paleodata 

In order to represent changes in rainfall seasonality in the model, we investigated 

two metrics representing the length of the dry season and the timing of rainfall.  For the 

former, we calculated an index of dry season length from simulated daily precipitation.  

Mean dry season length is the total number of days per year with less than 0.5mm 

rainfall.  In order to investigate rainfall timing, an empirical orthogonal function (EOF) 

was performed on a monthly time series of simulated pre-industrial precipitation.  This 

EOF yielded two significant principal components, explaining over 55.5% of the variance 

and representing two large-scale precipitation regimes in Africa.  PC1 (46.5%) loads 

strongly with the unimodal regime, and PC2 (9%) loads strongly with the bimodal 

regime.  In order to evaluate how the spatial extent of these rainfall zones was altered in 

the LIG, both principal components were regressed on the fields of simulated monthly 

LIG precipitation. 

Finally, LIG simulations were evaluated against paleohydrological and 

paleoecological data from the literature.  Paleohydrological data was taken from a recent 

regional synthesis of LIG hydrology by Blome et al. (2012).  Classifications of wet/dry 

were made based on interpretations in the original literature.  Paleo-vegetation data was 
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taken from the African Pollen Database of all sites with pollen samples within 1 kyrs of 

125ka.  From these samples, biomes were reconstructed following the biomization 

method of Jolly et al. (1998) and Elenga et al. (2000).  Biomization is a technique that 

assigns known biomes to pollen samples based on well-studied species assemblages and 

affinities.  A full list of sites is included in the supplementary information. 

Modern Climate and Vegetation 

Precipitation in Africa is strongly heterogeneous with large spatial variability 

caused by local controls such as topography and SSTs of adjacent ocean basins 

(Nicholson, 1996).  Despite this heterogeneity, however, intra- and inter-seasonal 

variability is spatially coherent across much of the continent (Nicholson, 2000).  Rainfall 

in the tropics is highly seasonal: bands of clouds and deep atmospheric convection 

associated with the Intertropical Convergence Zone (ITCZ) following the sun from north 

to south with a short lag.  This seasonal migration of the ITCZ results from an inter-

hemispheric thermal gradient favoring rainfall in the summer hemisphere caused by more 

incident shortwave radiation and imparts zones of seasonal rainfall across the continent.  

One unimodal regime of summer rainfall occurs in JJA in the NH, one unimodal regime 

of summer rainfall in occurs DJF in the SH, and a bimodal regime occurs around the 

equator.  Although ITCZ migration results in the large-scale continental patterns seen in 

Africa, other climatic phenomena have a strong influence on hydrology.  In West Africa, 

the land-sea thermal gradients create a monsoonal circulation that also plays a strong role 

in the delivery of rainfall to the continental interior (Nicholson, 1996).  Furthermore, 

wave instabilities in the middle and upper troposphere, the African Easterly Jet and the 
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Tropical Easterly Jet, have important impacts on monsoon penetration and frequency of 

rainfall (Nicholson, 2000).  Finally, inter-seasonal as well as multi-decadal variability of 

rainfall is strongly connected to both atmospheric circulation and SST anomalies 

associated with ENSO (Camberlin and Janicot, 2001). 

Much like rainfall, vegetation varies dramatically over short distances.  Although 

biomes range from tropical rainforest to open desert, Africa is dominated by semi-arid 

and seasonal vegetation that is very sensitive to hydrologic variability (White, 1983).  In 

much of the lowland areas, vegetation distribution and structure is tightly constrained by 

both precipitation amount and length of the dry season (Ivory et al., submitted); however, 

in the montane areas in parts of West and East Africa above 2000 m asl, temperature also 

plays an integral role. 

ESM2M simulates the large-scale patterns of climate and vegetation in Africa 

with great accuracy (Shevliakova et al., 2009; Dunne et al., 2012a; Dunne et al., 2012b).  

There are however several known model biases in precipitation and land cover: while the 

simulation of precipitation is particularly good over most of Africa, rainfall is 

systematically overestimated on the fringes of the ITCZ (Fig. 2).  The nodes of highest 

mean annual rainfall are well represented in comparison to observations, a coarser grid 

resolution causes these regions to have a larger spatial extent resulting in slight 

overestimates of rainfall in West Africa.  Seasonal rainfall in DJF and JJA is particularly 

well simulated (Fig. 2).  Overestimates, however, do still occur on the borders of 

maximum rainfall zones at the maximum extent of ITCZ migration during the summer 
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seasons resulting in higher than observed precipitation in Southern Africa and into the 

Sahel. 

Overestimates of rainfall lead to slightly greater coverage of savanna.  In 

particular, the limit of the Sahel is slightly further north than modern, especially in West 

Africa (Fig. 3; Dunne et al., 2012b).  Although LAI is particularly well simulated, with 

only slight overestimations in southeast Africa, reconstructed biomes show some marked 

differences.  Additionally, the modern Guinean rainforest of West Africa is simulated as 

tropical seasonal forest.  This underestimation of the persistence of evergreen forest is 

likely the result of local topographic constraints that focus rainfall along the coast which 

are not represented in the model due to grid resolution.  Finally, ESM2M simulates 

vegetation both in terms of climate and carbon cycle. However, as CO2 was set to pre-

industrial levels, its effect on vegetation cannot be inferred from this study.   

Results 

LIG climate 

Large climate features at the continental scale in our preliminary LIG simulation 

show great seasonal differences from the pre-industrial (Fig. 4).  In contrast, when 

precipitation is averaged over the course of a year, the values of anomalies are 

comparatively small.  This is particularly true of precipitation, which shows only slight 

differences in mean annual rainfall (MAP).  The only exception on an annual basis is in 

the Sahel and Sahara, where large annual anomalies are observed, with a node of 

maximum rainfall located at about 15ºN.  This wetter area is sandwiched between two 
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regions of lower MAP to the southeast and west occupying much of West Africa and East 

Africa. 

In contrast, the seasonal differences in rainfall are quite marked over a larger 

proportion of the continent.  In JJA, large increases in rainfall relative to pre-industrial 

(on the order of 1mm/day) are observed throughout most of North Africa, extending from 

the tropics into the subtropics (Fig. 4).  However, along the Atlantic coast of North and 

West Africa, two large regions of reduced rainfall occur at ~ 5ºN and 15ºN.  South of the 

equator, during the austral winter dry season, rainfall is virtually unchanged from the pre-

industrial simulation.  In DJF, once again, large anomalies of rainfall are observed; 

however, the situation is reversed (Fig. 4).  During the austral summer, large anomalies 

can be seen in South and East Africa.   Along the southeast Indian Ocean coast, summer 

rainfall is over 1mm/day lower than the pre-industrial simulation, while just to the north, 

from the equator to ~15ºS, simulated summer rainfall is higher by a similar magnitude. 

The large seasonal rainfall anomalies in the LIG simulation only occur in the 

corresponding summer hemisphere.  This suggests that the seasonal component of 

insolation may affect hydrology without greatly affecting the yearly rainfall amount. 

Furthermore, in both cases, there is a systematic geography to the sign of rainfall 

anomalies.  In both seasons, increases in rainfall occur northward and decreases occur at 

the southerly end of the summer rainfall zone (Fig. 4); this indicates a change in the 

location of convergence over the continent in response to higher insolation in the NH and 

lower insolation in the SH.  This suggests that the enhanced summer radiation over North 

Africa results in a northward displacement of tropical moisture during the LIG resulting 
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from strong influence of orbital configuration on hydrology.  As may be expected of a 

reversed seasonal insolation gradient favoring higher than modern radiation in the NH 

during JJA, the African monsoon seems greatly enhanced during this period.  The 

exception to this is the West and North African Atlantic coast where lower rainfall is 

likely the result of the strong influence of Atlantic SSTs in this region (Prommel et al., 

2013).  In contrast, unlike the amplified seasonal cycle of insolation in the NH, in the SH, 

the change in insolation from summer to winter is damped, and summer rainfall does not 

extend as a far south as today. 

Temperature during the LIG in tropical Africa is not much different than the pre-

industrial as a result of changes in orbital parameters.  Although temperature differences 

in the high-latitudes may have been as much as 8º warmer relative to the late pre-

industrial (Dahl-Jansen et al., 2013), mean annual temperature, as well as temperature 

during both DJF and JJA, show only small anomalies no larger than 2ºC, which are well 

within the inter- and intra-model variability we’ve begun to analyze (see the Discussion 

Section for further details; Fig. 5).  Furthermore, despite the slightly higher global input 

of shortwave radiation during the LIG, temperature anomalies observed from the 

simulations are either higher or lower than pre-industrial depending on the region.  

Although this temperature signal could be in part a result of higher evaporation 

associated with an enhanced monsoon in North Africa, the largest temperature anomaly is 

a decrease of 1-2ºC.   

Seasonality and Circulation 
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The northward positive rainfall anomalies in both summer seasons are mirrored 

by altered atmospheric circulation over the African continent during the LIG.  We use 

500mb vertical velocity to show areas of rising (negative numbers) and subsiding 

(positive numbers) air masses at the middle of the troposphere related to rainy or dry 

conditions, respectively (Fig. 6).  In JJA, 500mb vertical velocity shows a pattern similar 

to rainfall with more negative LIG values indicating lofting air masses into North Africa 

as far as 30ºN and more positive values indicating increased subsidence just south along 

the West African coast.  This pattern indicates that a northward displacement of tropical 

instability and enhancement of the African Monsoon is responsible for the penetration of 

JJA rainfall into the Sahara.  This is corroborated by increased surface winds over the 

Sahara delivering Atlantic moisture from the south and east as far into the interior as 

~25ºN.  Similarly, the reduced vertical velocity in parts of West Africa is observed in the 

same region as reduced rainfall.  These decreases of rainfall and convection along the 

Atlantic coast are related to anomalous surface winds during the LIG which blow parallel 

to the coast rather than inland, reducing monsoon rains in this area (Fig. 6).  This result is 

similar to RCM results of Prommel et al. (2013).  Similarly, in DJF, more negative values 

indicating lofting air occur northward of the modern day extent of the summer rainfall 

zone at ~10ºS and more positive values indicating increased subsidence just to the south  

(Fig. 6).   

Similar to rainfall, negative anomalies in 500mb vertical velocity are displaced 

northward in both hemispheres.  This suggests that in both summer seasons, the band of 

summer convection and convergence over the continent was displaced northward.  The 
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reversed thermal gradient during the LIG favors enhanced summertime convection and 

convergence of air masses in the NH, whereas summer circulation is damped as one 

moves away from the equator in the SH.    

 Displacement of the ITCZ northward during the LIG strongly alters the length and 

inception of dry seasons.  As JJA rainfall reached much further north and DJF rainfall did 

not progress as far south, the most marked changes in dry season length is likely for the 

ITCZ’s northern and southern extremes.  Additionally, in the equatorial region, it is 

probable that the timing of the onset of rainy and dry seasons may have been shifted.  

Figure 7 shows the difference in LIG dry season length from pre-industrial simulation.  

Reduced dry season length is observed into northern Africa, with areas of the Sahel and 

Sahara showing a shorter dry season by as much as 40 days.  The clear exception to this 

is in northern Egypt where dry season increases.  The distance of this area from moisture 

sources in the Indian and Atlantic Oceans makes it beyond the reach of the monsoonal 

circulation.  Furthermore, this is likely partially the result of general insensitivity of 

westerly winds in the model to changes in temperature (Dunne et al., 2012a).  A second 

short band of reduced dry season is observed just south of the equator, where DJF rainfall 

was increased.  Thus, the northward penetration of the ITCZ and associated circulation in 

boreal summer favors a shorter dry season in the NH and a fewer rainy days in the SH.  

 The EOF analysis also supports that rainfall regimes during the LIG were altered 

throughout Africa as a result of enhanced insolation seasonality in the NH.  Figure 8 

shows the major modes of rainfall seasonality in Africa represented by the two significant 

principal components (PC) from the pre-industrial simulation.  PC1 (46.5% variance) 
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represents the unimodal rainfall regimes as found at the northern and southern edges of 

the tropics.  A positive correlation represents an area where rainfall occurs in JJA, and a 

negative correlation represents an area where rainfall occurs in DJF.  PC2 (9% variance) 

represents the bimodal rainfall regime found primarily along the equator where two ITCZ 

passages yearly result in a short and long rainy season.  The EOF shows the extent of 

these zones and their regional coherence throughout Africa (Fig. 8).  When the pre-

industrial PCs are correlated with the fields of LIG monthly precipitation, we see 

systematic differences in the distribution of these primary rainfall zones that mirror the 

changes in dry season length.  Most notable, the unimodal rainfall regime reaches much 

further into North Africa, to nearly 30ºN (Fig. 8).  Although there are areas of positive 

correlation suggesting enhanced JJA rainfall to the western edge of this sector, significant 

values are concentrated over the central and eastern portion of this sector.  Furthermore, 

along the southern West African coast, a side-by-side negative and positive correlation is 

observed just offshore (Fig. 8).  This suggests that despite the penetration of monsoon 

rains into the continental interior, rainfall decreases along the coast during JJA, falling 

preferentially over the southern Atlantic. In the SH, no significant change in seasonality 

is observed on land; however, in both the southern Atlantic and Indian Ocean, side-by-

side anomalies are observed (positive to the north, negative to the south).  This shift to 

higher JJA rainfall further north in the SH suggests a change in the influence of the 

winter rainfall zones resulting from a mirrored northward shift of the westerlies during 

austral winter. 
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 The ESM2M LIG simulations of circulation change and seasonality from vertical 

velocity, dry season length, and the EOF analysis all point to shifts in both tropical 

summer and mid-latitude winter circulation in comparison to the pre-industrial.  The 

higher magnitude of seasonal insolation in the NH results in higher rainfall further into 

the continental interior, particularly the Sahel and Sahara, caused by an enhanced 

monsoon and more northerly center of convergence.  Higher available moisture and 

heating created instability which drove the ITCZ northward to almost 30ºN and 

lengthened the growing season in much of North Africa.  In contrast, in the SH, the 

damped magnitude of seasonal insolation has a reversed effect, suggesting that although 

the ITCZ no longer extends as far southward and rainfall is reduced, dry season length is 

only moderately longer. Lastly, although the SH westerlies seem to extend further north 

during austral winter, there seem to be no significant evidence to suggest greater JJA 

precipitation on land.  Clement et al. (2004) suggested that high-eccentricity precession 

should result in greater precipitation over the Indian Ocean and a reduction over land.  

Although, a clear reduction of the dry season length is observed over the western Indian 

Ocean (Fig. 7) and seems to contradict this, increased DJF and stable JJA precipitation 

are actually in agreement (Fig. 4). 

LIG Vegetation 

As demonstrated above, hydrology during the LIG is markedly different than 

during the pre-industrial in terms of MAP and seasonal timing.  As vegetation 

assemblages in the lowland tropics and subtropics are strongly controlled by variability in 

both of these factors, observable shifts in biome structure and phenology should be 
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apparent in the ESM simulations.  In the Sahel and Sahara of North Africa, the sporadic 

rains observed today were replaced during the LIG with a less variable, prominent 

rainfall peak in JJA caused by inland penetration of the African monsoon (Fig. 9).  This 

region also displays the most striking changes in vegetation.  Particularly noticeable near 

20ºN, the modern border between desert and steppe is pushed several degrees northward 

(Fig. 9).  Within the Sahel, LAI increases by about 1 and woody biomass by as much as 

1-2 kg/m2 (Fig. 10).   This may indicate a larger contribution of deciduous trees at the 

desert fringe.  The biome reconstructions of this area reflect this and show the largest 

change of vegetation structure in much of tropical Africa.  In this region, grasslands and 

wooded grasslands expand northward into areas of desert and steppe (Fig. 9). 

In West Africa, vegetation proves the most problematic.  Although the West 

African forests of Sierra Leone, Guinea, and the Ivory Coast are simulated in the pre-

industrial as being drier than observations (seasonal forest rather than observed 

rainforest), the LIG biome reconstructions show a change to tropical rainforest despite 

decreases in summer rainfall surrounding this region (Fig. 9).  There is a slight decrease 

in dry season length in this region at this time, in addition to a slight decrease in dry 

season temperature, which may be responsible for higher effective moisture and denser 

forest, but otherwise this simulated change to denser vegetation is difficult to explain.  

Other areas of west central Africa show small changes in biomes from tropical seasonal 

forest to tropical rainforest (Fig. 9).  This however is principally the result of higher JJA 

rainfall and MAP. 
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As a result of the complex circulation as well as topographic complexity which 

interact with insolation forcing in East Africa, biome structure changes are not 

straightforward.  In the northern sector of East Africa, south of the Ethiopian Highlands, 

summer rainfall increases observed in other parts of the northern tropics are not recorded, 

largely due to blocking of the adjacent high elevation areas.  Precipitation in both seasons 

changes little; however, large increases in dry season length that stretch from the eastern 

Indian Ocean basin on land result in degradation of the current savanna biome to desert 

and semi-desert (Fig. 9). 

Further south, around the equator, another opening of the vegetation occurs, 

particularly around Lake Victoria (Fig. 9).  Tropical seasonal forests disappear from this 

region during the LIG to be replaced by wooded grassland and savanna.  The 

disappearance of drought intolerant vegetation at this time to be replaced by open, 

deciduous biomes is likely linked to the seasonality change.  In the pre-industrial, this 

region has highly bimodal rainfall, with a peak occurring in the transitional seasons; 

however, during the LIG, PC2, which represents the bimodal regime, correlates less 

strongly in this region (Fig. 8).   

Although one would expect large-scale shifts toward denser vegetation types in 

the area of East Africa with higher DJF rainfall and the opposite to occur south of 10ºS 

where DJF rainfall is greatly reduced, this does not seem to be the case.  The pattern for 

both the biome reconstructions and LAI is nearly the opposite (Figs. 9 and 10).  The EOF 

analysis and simulated dry season length suggests that the timing of rainfall in the SH 

unimodal rainfall zone stays very much the same (Figs. 7 and 8).  This is in agreement 
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with studies suggesting that large changes of both rainfall and seasonality are needed to 

result in biome reorganization (Hély et al., 2006).  It is clear that although slight changes 

in effective moisture occur, they do not cross the threshold necessary to greatly alter 

vegetation.  Additionally, the potential contribution of JJA rainfall due to northward 

westerlies may lead to denser vegetation. 

South of 15ºS, a marked difference in vegetation is seen from east to west.  In the 

west, on the Atlantic side of the meridional convergence boundary known as the Congo 

Air Boundary (CAB), biomes transition to drier, more open types, particularly from 

wooded grassland to savanna (Fig. 9).  In the east however to 30ºS, a marked increase 

along the coast of tropical rainforest is observed.  This increase is mirrored by higher 

woody biomass as well as LAI in the LIG simulations (Fig. 10).  This seems to contradict 

changes in DJF rainfall, which show a gradient of anomalies from higher than modern to 

lower than modern from west to east (Fig. 2).  Instead, these vegetation changes more 

resemble the more subtle JJA rainfall anomalies, suggesting that northward westerlies 

alter the position of the CAB and allow for penetration of mid-latitude moisture during 

this time.  This is also observed in the temperature fields in the LIG simulation, where 

cooler temperatures are observed along the southern Indian Ocean Coast and warmer 

temperatures into the Kalahari.  This suggests that the steep decrease of DJF precipitation 

may have been offset to some degree in southeast Africa by lower evaporation and higher 

effective moisture. 
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Discussion  

The ESM2M LIG simulation demonstrates the influence of orbital configuration, 

particularly eccentricity-enhanced precessional forcing, on the climate and vegetation of 

Africa.  Although many studies have shown higher than modern temperatures for the 

LIG, particularly in the polar regions, the ESM2M simulation shows no uniform 

continental temperature response in Africa.  Instead, temperature response in JJA seems 

to show large areas of cooling, probably due to higher evaporation.  Warmer 

temperatures are almost exclusively in areas where seasonal radiation increases are not 

offset by higher moisture, such as southern Africa during austral winter. 

Large-scale precipitation changes seem to result from the effect of the reversed 

and heighted seasonal insolation gradient between hemispheres on tropical and mid-

latitude circulation.  A heighted summer insolation in the NH by 11.9% with respect to 

modern enhances the monsoon and penetration of moist air masses into the continental 

interior.  Energetic lofting air masses extend far into the modern Sahara.  The opposite 

change to a lower summer insolation and a damped seasonal cycle in the SH results in the 

opposite change during austral summer.  Rainfall is markedly less to the south and higher 

to the north in areas which are today at the southern extreme of the ITCZ.  The northern 

displacement of rainfall during both summer seasons suggests a more northerly mean 

position of the ITCZ and associated circulation.  In the south, this pattern is complicated 

by mid-latitude circulation which also takes a more northerly position bringing some 

winter moisture to southern Africa during JJA. 
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Much like rainfall, the northward expansion of the ITCZ has a marked effect on 

seasonality.  More time spent north of the equator results in shorter dry season and less 

variable rainfall in the northern tropics and subtropics.  In the south, the result is less 

straightforward.  As the calculation of dry season length used here is a sum of the yearly 

days with less than 0.5 mm of rainfall, additions of winter rainfall in the SH caused by 

displaced mid-latitude circulation may confound this metric.  The EOF analysis, 

however, also supports that minimal change in seasonality is observed. 

Despite rather marked changes in precipitation, particularly during the summer 

season in both the NH and SH, vegetation changes vary greatly by region.  The most 

dramatic and systematic change is in the NH where denser, more woody, deciduous 

biomes establish themselves.  The response of the southern sector is more complex, likely 

due to controls on vegetation related to multiple factors such as precipitation, dry season 

length, and insolation/temperature controls on effective moisture. 

A significant caveat of this study should be noted. We have only analyzed one 

LIG simulation, and the differences we observe, especially the annual mean differences, 

do not fall outside of the envelope of intra- and inter-model variability we have explored 

so far. The significance of our findings will be bolstered by our future work on this 

subject.  To this end, we will quantify the internal variability in our ESM2M simulations 

of the PI and the LIG by comparing different 20-year slices to strengthen our case that the 

LIG is in fact statistically different from the PI. We will also quantify the variability 

across different models for the PI, in order to strengthen our confidence in the 

significance of our results. Lastly, we will carry out at least 2 more LIG simulations so 
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that we can analyze the ensemble, giving us perhaps the best indication of the 

significance of our findings. 

Comparison with other models 

Few other paleoclimate modeling studies have been conducted on the LIG.  The 

majority of these have focused on changes in ice sheet extent and NH temperature (Otto-

Bliesner et al., 2006; Kubatzi, 2006).  Very few have evaluated in-depth changes within 

the monsoonal systems in the tropics despite the known connection of rainfall to 

insolation; even fewer have evaluated the effect of orbital forcing on vegetation.  

However, studies by Braconnot et al. (2008) and Prommel et al., (2013) show a similar 

increase in precipitation in the northern summer season over North Africa and a decrease 

in southern summer precipitation over southern Africa.  Additionally, the decrease of 

precipitation over coastal West Africa during JJA is also observed in these studies, 

suggesting that this is a robust and systematic feature of the surface circulation change.  

Some studies have observed increases in summer temperature over the Sahara due to 

increases in insolation (Prommel et al., 2013); however, we see stable, if not slightly 

cooler, conditions.  Our results are similar to those of Shurger et al. (2006).  As both 

studies have included fully-coupled dynamic vegetation, it is possible that this effect 

results from the response of evaporative cooling associated with larger evaporation.  

Despite the difference in simulated temperature caused by the effect of land surface in 

each study, simulated precipitation across studies is remarkably similar. 

Recently, Prommel et al. (2013) used a regional climate model (RCM) to evaluate 

the LIG climate of Africa south of 25ºN and east of 15ºW.  Although this study did not 
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cover the entire continent, high-resolution results obtained bear a strong resemblance to 

the ESM2M output in precipitation.  However, when BIOME4 was forced offline with 

the RCM output, the LIG biomes simulations look strikingly different than those of 

ESM2M.  Although the expansion of steppe, grassland, and woodland in the north have 

coherent and similar features as well as latitudinal range, the southern African sector in 

BIOME4 shows large expansion of hot desert where ESM2M simulates no change from 

modern savanna.  However, the biggest difference is perhaps the ESM2M simulation of 

rainforest along the southern Indian Ocean coast where BIOME4 simulates no change. 

Comparisons with Paleodata 

 Currently, very little data exists to validate LIG simulations.  The vast majority of 

the existing data comes from marine cores whose records of terrestrial conditions are 

often troubled by low-resolution, dating uncertainty, and distance from source regions. A 

recent synthesis of paleohydrological data and databases of paleo-ecological data, 

however, do give some opportunity for validation of the ESM2M LIG simulations from 

both terrestrial and marine sources.  Some considerations do need to be made when 

comparing these paleo- records with model output.  In particular, for these comparisons, 

1000 years on each side of the 125ka boundary conditions used for the simulation are 

considered in order to take into account dating uncertainty.  Additionally, marine records, 

particularly paleoecological records, incorporate a signal of vegetation from the mainland 

that is averaged over a large region.  However, due to the relatively coarse grid of the 

model, comparisons between pollen biome reconstructions and ESM2M LIG biome 

reconstructions are feasible if only the broadest scale is considered. 
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 Paleohydrolgical records show a striking resemblance to the ESM2M LIG 

simulations (Fig. 11).  However, although there is some agreement between simulated 

MAP and the determination of wetter/drier from the paleo-records, it is clear that the 

strongest correlation is seen during each summer season.  This means that there is more 

agreement in the records in the NH during JJA and the records from the SH during DJF.  

During JJA, the marked decrease in precipitation along the southern West African coast 

is not in agreement with the two samples from off the coast which record wetter 

conditions.  These samples, taken from studies of marine cores by Lézine and Casanova 

(1991) and Pokras and Mix (1985), actually record dust fluxes that have a source region 

far into the continental interior, a region which does in fact record wetter conditions in 

the ESM2M simulations.  In the SH, most terrestrial samples from South Africa record 

drier conditions.  Several samples located at the border of the simulated wetter and drier 

regions do not record wetter conditions; thus, it is likely that this wetter zone may not 

reach as far south.   

 Biomes determined from paleoecological samples within the tropics show a very 

strong correspondence to the reconstructed biomes of our LIG simulation (Fig. 11).  Most 

samples come from offshore and therefore must represent only a regional average of the 

mainland pollen.  Reconstructions of woodland/tropical seasonal forest and rainforest are 

particularly good, with one sample off the Horn of Africa reconstructing a slightly wetter 

biome (grassland/steppe) than the LIG simulation (desert).  Pollen reconstructions are 

poorly representative of their source vegetation in the driest biomes (Vincens et al., 

2006), thus lower fidelity may be expected in this region.   
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Finally, the only consistent mismatch between the pollen reconstructions and 

model output are those representing subtropical Mediterranean biomes.  Given the model 

output, it is currently impossible to distinguish this particular assemblage as it differs 

from scrubland and steppe only in species composition rather than phenology or 

physiology.  Thus, until the taxonomic resolution of reconstruction biomes within the 

model is more sophisticated, the model reconstruction of steppe is a good approximation 

of the structure and function of the pollen-based biome for the LIG.  Another possible 

complication in modeling this region, however, is the general insensitivity of westerly 

winds in the model to temperature (Dunne et al., 2012a) 

Conclusions 

 The LIG is a period often used as an analog for future warming due to warmer 

than modern temperatures despite its dramatically altered orbital configuration with a 

reversed inter-hemispheric insolation gradient heighted by higher eccentricity.  Insolation 

has long been used to explain periods of heightened monsoon activity throughout the 

tropics, thus studies in ESMs may help elucidate and better understand the contribution of 

different forcing mechanisms on LIG climate.  In order to evaluate its potential as an 

analog, we conducted a preliminary simulation in the GFDL Earth System Model 

ESM2M by simply altering the orbital configuration.  The model output shows no 

dramatic change in seasonal or mean annual temperature.  In fact, lower than pre-

industrial temperatures are observed in areas with higher evaporation due to greater than 

modern rainfall. 
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 Hydrology is greatly altered by both changes in seasonal precipitation as well as 

the length of dry seasons.  Although no large change is seen in MAP, a shift of the mean 

position of the dominant circulation systems northward, notably the ITCZ, during each 

hemisphere’s summer seasons results in greater rainfall to the north and less to the south.  

The most marked change is the penetration of the African monsoon deep into the 

continental interior to 30ºN, likely aided by positive feedbacks involving recycled 

moisture.  This increase in rainfall is centered over the Sahel and Sahara.  Additionally, a 

more northerly ITCZ results in changes in the seasonal timing of rainfall, such that areas 

in the north receive over 40 more rainy days per year than pre-industrial, and the bimodal 

rainfall zones around the equator have a less marked two peak rainfall regime.  The effect 

of changes in seasonality as well as rainfall is not as clear in the SH, perhaps due to 

higher winter inputs from mid-latitude circulation. 

 The result of this dramatically altered hydrology causes changes in biome 

distribution throughout Africa.  The most systematic changes occur in North Africa with 

grassland and wooded grassland expanding into areas which are currently absolute desert 

up to 20ºN and large expansions of drought intolerant rainforests and seasonal forests in 

west and central Africa due to low seasonality and higher effective moisture.  Once again, 

the SH vegetation response to climate change in the LIG simulation is complex, with 

lower summer rainfall being offset by winter inputs resulting in forest expansion in parts 

of South Africa. 

 Despite differences with other model studies of LIG climate, ESM2M LIG 

simulations of hydrology and biomes look strikingly like the fossil data. This suggests not 
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only that ESM2M results are robust, but also that alteration of orbital configuration is 

largely responsible for these changes, not other forcing factors such as greenhouse gases.  

This suggests that any comparison of LIG warming with the possible environmental 

impacts of future warming should be done with extreme caution. 
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Figures 
 

Figure 1.  a) Orbital configuration at the vernal equinox for the LIG simulation with high 

eccentricity at 125ka, b) same but for the low eccentricity pre-industrial simulation at 

0ka, c) seasonal insolation at 23ºN and 23ºS for both LIG and pre-industrial (adapted 

from Braconnot et al., 2008). 
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Figure 2.  a) Mean annual precipitation 1961-1990 10’ x 10’ Climate Research Unit 

(CRU) data in mm/day with 1948-2010 NCEP Reanalysis wind direction, b) same but for 

DJF, c) same but for JJA (New et al, 2002). d) Mean annual precipitation and wind 

direction for GFDL ESM2M pre-industrial control, e) same but for DJF, f) same but for 

JJA. 
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Figure 3.  a) 2000 MODIS 1km leaf area index [LAI], b) ESM2M LAI, c) 

phytogeographic regions of Africa based on White (1983), d) ESM2M biomes as defined 

in Table 1. 
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Figure 4. ESM2M simulated precipitation (mm/day), a) Mean annual precipitation 

anomaly from the LIG-preindustrial, b) same but for DJF, c) same but for JJA. 
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Figure 5. ESM2M simulated temperature (ºC), a) Mean annual temperature anomaly from 

the LIG-preindustrial, b) same but for DJF, c) same but for JJA. 
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Figure 6. a) DJF vertical velocity and surface wind anomaly from the LIG-preindustrial, 

b) JJA vertical velocity and surface wind anomaly from LIG-preindustrial.  
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Figure 7. ESM2M simulated dry season length anomaly (days/yr) from the LIG-

preindustrial. 
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Figure 8. a) EOF1 of ESM2M pre-industrial control monthly precipitation, b) EOF2 of 

ESM2M pre-industrial  control monthly precipitation, c) PC1 of ESM2M pre-industrial 

control monthly precipitation correlated with ESM2M monthly LIG precipitation, d) PC2 

of ESM2M pre-industrial control monthly precipitation correlated with ESM2M monthly 

LIG precipitation, e) Difference of EOF1 LIG precipitation and EOF1 pre-industrial 

control monthly precipitation, f) Difference of EOF2 LIG precipitation and EOF2 pre-

industrial control monthly precipitation, g) PC1 time-series of ESM2M pi-control 

monthly precipitation, h) PC2 time-series of ESM2M pi-control monthly precipitation. 

Black lines represent correlations and differences with 95% confidence. 
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Figure 9. ESM2M simulated African vegetation biomes during the a) LIG (125ka) and b) 

pre-industrial periods. c)  Biome change from LIG-preindustrial. 
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Figure 10. ESM2M simulated African vegetation anomalies from LIG to pre-industrial 

period. a) LIG-preindustrial LAI, b) LIG-preindustrial woody biomass (kg/m2). 
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Figure 11. Paleoclimate proxy hydrologic records and ESM2M simulated effective 

moisture anomaly for a) mean annual effective moisture, b) DJF, and  c) JJA.  Circles 

indicate locations and signs of paleoclimate reconstructions of moisture balance at 125ka 

with blue meaning wetter conditions, black meaning transitional conditions, and red 

meaning drier conditions. d) Fossil pollen reconstructed biomes and ESM2M simulated 

biomes for 125ka. 
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Tables 

Table 1. African biome classifications 

 

 

 

 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Step 1 Step 2 Step 3 Biome
if 0 ≤ LAI < 0.5 Desert
if 0.5 ≤ LAI < 2 Steppe
if 2 ≤LAI < 4 Woody Biomass = 0 Steppe

0 < Woody Biomass < 1 Savanna
Woody Biomass ≥ 1 Tropical Dry Forest

if LAI ≥ 4 LAI max - LAI min ≥ 0.5 Tropical Seasonal Forest
LAI max - LAI min ≥ 0.5 Tropical Rainforest
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Table 2. Boundary conditions for pre-industrial control (0ka) and LIG (125ka) 
simulations  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 125ka 0ka

CO2 same as pi-control 280 ppm

N2O same as pi-control 270 ppb

CH4 same as pi-control 760 ppb

Solar constant same as pi-control 1370 W m-2

Eccentricity (°) 0.0397 0.0167
Obliquity  (°) 23.9 23.4
Precession (ω-180°) 201 102
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Supplementary Material 
 
Supplementary Table 1. Sources of paleovegetation (green) and paleohydrological 
records (grey = neutral, orange = drier, purple = wetter). 
 
  
Source Proxy Latitude Longitude
Dupont and Weinelt, 1996 pollen 4.8 3.4
Dupont et al., 2000 pollen -11.75 11.7
Dupont et al., 2000 pollen -6.6 10.3
Hooghiemstra et al., 1992 pollen 29.05 -12.1
Hooghiemstra et al., 1992 pollen 30 -10.65
Hooghiemstra et al., 1992 pollen 34.9 -7.8
Lezzine and Casanova, 1991 pollen 15 -18
Van Campo et al., 1982 pollen 14.4 50.5
Gasse, 2001 pollen -19.5 47
Ivory et al., in progress pollen -11.3 34.45
Dupont et al., 2011 pollen -26.15 34
Causse et al., 2003 dates on shells 33 9
Crombie et al., 1997 travertine 24 32.3
Stone et al., 2011 lake level -11.3 34.45
Bateman et al., 2011 dune -27 22
Brook et al., 1996 speleothem, tufa, sand dune -19 18
Burrough et al., 2007 shorelines -20 22.5
Burrough et al., 2007 shorelines -20.02 21.35
Partridge, 1999, tuned rainfall -25.6 28.08
Bar-Matthews et al., 2003 speleothems 32.58 35.19
Bar-Matthews et al., 2003 speleothems 31.5 35
Hooghiemstra et al., 1992 δ

18O 29.05 -12.1
Hooghiemstra et al., 1992 δ

18O 30 -10.65
Hooghiemstra et al., 1992 δ

18O 34.9 -7.8
Lezzine and Casanova, 1991 dinocysts 15 -18
McKenzie, 1993 U-Th 23 29
Moernaut et al., 2010 lake level -3.3 37.7
Osmond and Dabous, 2004 U-Th 27 32
Pokras and Mix, 1985 diatom -2.28 5.18
Pokras and Mix, 1985 diatom -0.2 -23.15
Pokras and Mix, 1985 diatom 3.05 -11.82
Pokras and Mix, 1985 diatom 18.26 -21.1
Rossignol-Strick, 1985 sapropels 33.42 25
Schwarcz et al., 1993 U-Th 22.9 28.75
Szabo et al., 1995 U-Th 22 29
Vaks et al., 2007 speleothems 31.6 35.1


