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ABSTRACT 

Projections on the future extent of rainforest under climate change conditions are based on 

ecological niche models (ENM) that assume that the relationship between vegetation and climate 

has remained relatively unchanged through time (climatic niche conservatism). However, a 

number of recent studies have challenged this assumption. Here we test climatic niche stability of 

the African rainforest biome using fossil records spanning the last 6000 cal BP. We simulated 

rainforest distribution at 1000 year time steps using ENM and use fossil pollen records to evaluate 

the simulations and thus the strength of the relationship between rainforest and climatic 

parameters through time. Three algorithms and two sets of variables are used in the modelling. 

Our results show that ENM have a good fit with present day rainforest distribution, but diverging 

performance for the past distribution. We conclude from this study that the African rainforest may 

have experienced a partial shift of its climatic niche over the past 6000 years in relation to the 

length of the dry season. Our results suggest that the length of the dry season has become more 

important in determining forest distribution over time. In contrast the relationship with 

precipitation appears to have remained more constant for the last 6000 years. These findings make 

an important contribution to improving future projections of rainforest distribution under climate 

change scenario. 

Keywords: biomisation, ecological niche models, niche conservatism, past climate change, 

tropical forest 

INTRODUCTION 

The importance of tropical rainforest has been highlighted in many different studies because of 

the wide range of environmental ecosystem services it provides such as carbon storage and its 

high biodiversity (e.g. Naidoo et al. 2008). Understanding the relationship between this biome 

and climate change therefore provides an important research challenge. A recent study that has 

analysed the future distribution of tropical rainforests using ecological niche models (ENM) has 

projected some dramatic changes (Zelazowski et al. 2011). These models use the observed 
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climatic conditions in the current extent of these rainforests and assume climatic niche stability, 

specifically a temporally invariant relation between the vegetation and the governing climate 

(Araújo & Pearson 2005). However, this approach is not without its critics. For example, at 

species level, some recent studies have demonstrated that species may be able to change their 

climatic niche through time (Pearman et al. 2008; Peterson 2011). At a biome level for tropical 

rainforest, climatic niche stability remains untested.  

Niche is a key concept in ecology and was defined by Hutchison as the set of abiotic and biotic 

characteristics that are required for the persistence of a species population through time 

(Hutchinson 1957). The fundamental niche represents all the abiotic characteristics required for 

the species persistence, while the realized niche represents the area of the fundamental niche 

constrained by competition with other species (Hutchinson 1981). Ecological niche models 

(ENN), also known as species distribution models (SDM), try to represent the niche of a species 

by relating observational data of the species occurrences with environmental data (Guisan et al. 

2014). In the past few decades, the number of studies using these models to project species 

distributions for present and future time have experienced an exponential growth (Soberon 2007). 

More recently these models have also been used to project present and future distributions of 

biomes (Zelazowski et al. 2011; Tovar et al. 2013).  

One of the main assumptions of the ENM is the stability of the niche through time or niche 

conservatism, which is defined as “ the retention of niche-related ecological traits”  (Wiens et al. 

2010) Whether the ecological tolerances to specific climatic conditions that are displayed by the 

plant or animal presently are the same as those displayed through time (climatic niche 

conservatism) is a critical question (Wiens & Graham 2005; Wiens et al. 2010). Understanding 

climatic niche conservatism therefore has important consequences for projections of future 

distribution under climate change, especially in conservation schemes that develop actions based 

on the outputs of these models to mitigate the climate change impact on biodiversity. A recent 

study used paleorecords to test for niche conservatism and its effects on projections of the 

distribution for 3 different tree species in Europe (Maiorano et al. 2013). The authors 
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demonstrated that even a certain degree of observed change in the realized niche (but not 

statistically significant) may have a large impact on the spatial projected future distributions of 

the species (Maiorano et al. 2013).  

Recently, the African rainforest has received increasing attention because despite being the 

second largest forest block of the world, it is the most understudied among global rainforests 

(Malhi et al. 2013). This rainforest has a history of change in both its climate and its vegetation. 

For example, since the mid-Holocene (~6000 cal BP) until present time, climatic events have 

been observed to have a significant effect on forest composition. A number of different lines of 

evidence from fossil records indicate that the mid-Holocene in Africa was the wettest period of 

the Holocene for the Central African region (Gasse 2000; Schefuß et al. 2005) and that during 

this time rainforests expanded northwards of their current distribution (Vincens et al. 2010; Willis 

et al. 2013). However, a large body of evidence from fossil pollen records from Central Africa 

suggests that between 3000 and 2500 cal BP a major decrease in species typical of evergreen 

forest occurred as a result of an extended dry season. During this climatic event, some rainforest 

was converted into littoral grasslands or savannahs (Vincens et al. 1999, 2010; Bonnefille 2011). 

Some other areas remained forested but showed an increase in pioneer species (Elenga et al. 1996; 

Reynaud-Farrera et al. 1996; Maley & Brenac 1998; Brncic et al. 2007, 2009; Ngomanda et al. 

2007, 2009b), while other areas changed from forest to grasslands with enclosed swampy areas 

(Elenga et al. 1994). The different rainforest responses during this time interval highlight a high 

spatial variability and suggest a dynamic forest-savannah mosaic where rainforest contraction was 

not homogeneous.  

The variability in climate and vegetation composition over the past 6000 years as evidenced in 

the fossil records therefore provides an important opportunity to test whether the rainforest biome 

is affected in the same way by climatic conditions as it was in the past. In particular it enables 

testing of ENM based on current understanding of the climatic niche and question whether this 

biome have remained within similar climatic parameters (i.e. niche conservatism) or whether 

these have changed over the past 6000 cal BP. 
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In this study we aimed to use the variations apparent over the past 6000 years in response to 

climate change to investigate the African rainforest biome climatic niche stability. We focus on 

the period from mid-Holocene (~6000 cal BP) until present because it has the most number of 

pollen records available and the presence of distinctive climatic events. We used ENM to simulate 

forest distribution at a 1000 year time step and corresponding fossil pollen records to validate 

those simulations. Such a regional analysis using terrestrial sediments at different time steps offers 

possibilities to identify present and past climatic niche and the most important variables driving 

changes in distribution and forest ecology, leading to a better understanding of present and future 

risk of tropical African forest under climate change. 

METHODS 

Study area 

The study area covers Central and West Tropical Africa (between 15°N and 15°S and < 27°E). 

Currently the main biomes in this area are grasslands, deciduous shrublands, deciduous forest, 

evergreen forest and also extensive agricultural areas (Mayaux et al. 2004) (Figure 1). Here we 

used the term “ rainforest”  for the humid forest (semi-deciduous and evergreen) of the Guineo-

Congolian ecoregion of West and Central Africa (White 1983) as it has been used in other studies 

(Malhi et al. 2013; Hély et al. 2014). Within this ecoregion, the Congo domain expands from 

eastern Nigeria to Angola and the Guinea domain covers the northern coast of the Gulf of Guinea 

from Gambia to Central Nigeria (Brenan 1978). The Guinea domain is split in two by the presence 

of the Dahomey Gap, a corridor of savannahs (Salzmann & Hoelzmann 2005). 

Biome data 

Data for the present time 

Rainforest presences and absences were extracted from the African land cover map for the year 

2000 (Mayaux et al. 2004) (Figure 1). Thirty five points with forest presence were randomly 

selected from the land cover classes evergreen forest and swamp forest. Thirty five random forest 

absence points were extracted from any of the other land cover classes. Areas of savannah-forest 
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mosaic or forest-cropland mosaic were considered neither for presence or absence as the potential 

vegetation under pristine land use was unknown. We extracted a set of presence and absence 

points to calibrate the model and another set of points to evaluate the model. 

 
Figure 1 Study area. Left: Present biomes based on the African land cover map for 2000 (Mayaux et al. 
2004). Centre and right: Simulated potential forest distribution for the present using the outputs of the 

GLM with the threshold that maximizes the best KAPPA value (max KAPPA) to define binary simulations 
for present. Black crosses represent forest presences and red crosses forest absences. Presences and 
absences used for model calibration are shown for the land cover map while presences and absences 

used for model evaluation are shown for the simulated binary maps. 

 
Past biome reconstructions from pollen records 

Pollen records were used to generate a dataset of past rainforest presence and absence for the last 

6000 cal BP. The biomisation method allows the identification of the most likely biome for each 

pollen sample based on its pollen composition (Prentice et al. 1996). Each species represents one 

or more plant functional types (PFT) and a biome is defined by a combination of different PFT. 

For Africa previou studies have assigned one or more PFT to each especies (Jolly et al. 1998; 

Lebamba et al. 2009a). In this way, affinities of each pollen taxon for each biome are calculated 

based on its percentage of the pollen count (See details in Appendix S1).  

We retrieved all available fossil pollen records for the study area from the fossil pollen database 

(http://fpd.sedoo.fr/fpd/english.do) known as the African pollen database (APD) (Vincens et al. 

2007), excluding marine cores. Due to the coarse resolution of the paleoclimate layers (pixels size 

~55km), some of the pollen records located in littoral areas were outside the paleoclimate layers 

extent, and were therefore excluded. The spatial analysis unit of this study is a pixel of ~55 km 

size, therefore, when two records were located in the same pixel we chose the core with more 

samples and better dating information. Data from APD were complemented with other published 
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pollen records (Table S2). The pollen diagrams of these studies were digitized using the software 

Plot Digitizer v.2.6.5 to obtain the percentage values. Lastly, we also included the pollen record 

from Lake Barombi where the values for affinity to different biomes were already calculated 

following the same methods we have described before (Lebamba, Vincens & Maley 2012).  

A total of 21 pollen records were collected (Table S2) and biomization values for each of them 

calculated (see Figure S2). The most likely biome for each record was obtained at every 1000 

year time slice for the last 6000 cal BP. Then, for each time step, records indicating a forest biome 

were assigned as forest presence points, while records representing any other biome were assigned 

as forest absence points.  

Environmental data 

Many studies show that the current potential distribution of tropical rainforest at regional scale is 

mainly driven by both total annual rainfall and its seasonality (Good & Caylor 2011; Lehmann et 

al. 2011; Murphy & Bowman 2012). Other factors such as temperature, topography, soils, and 

fire, play a role as well, but their influence is minor compared to water availability drivers 

(Murphy & Bowman 2012). Based on this information and the availability of data we used a 

combination of paleoclimate and topographical layers in our ecological niche models. 

For the paleoclimate data we used the outputs of the Hadley Centre climate model (HadCM3) 

(Gordon et al. 2000; Pope et al. 2000) at every 1000 year time slice for the last 6000 cal BP. Raw 

outputs comprised monthly mean temperature and monthly total precipitation. This model relies 

on a variety of abiotic variables including orbital forcing, orbital changes, greenhouse gasses and 

ice-sheet trends to simulate palaeoclimates at each time step (Singarayer & Valdes 2010). It 

should be noted that no fossil pollen records have been use to calibrate the model. The climatic 

simulation outputs consist of 2.5° in latitude and 3.75° in longitude resolution that were linearly 

downscaled to 0.5° by 0.5° pixel size (~55 km at the equator).  

The final variables selected for the modelling were: 
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• Total annual precipitation (mm/year) indicating water availability. This variable was 

calculated by summing up the monthly precipitation. 

• Length of dry season (number of months): This variable also indicates water availability and 

was calculated following (Mayaux et al. 2005). A dry month was defined when total rainfall 

(mm) was lower than twice the mean temperature (°C). Units are number of months. 

• Mean annual temperature (°C): This variable has shown to be important in dynamic 

vegetation models used to project rainforest distribution (Delire, Ngomanda & Jolly 2008). It 

was calculated by averaging all mean monthly temperatures. 

• Soil water holding capacity (mm m-1): This is another important variable accounting for 

water availability and was obtained from the Global Digital Soil Map (Food and Agriculture 

Organization 1995). It represents the water holding capacity of the soil at 30 cm depth. 

• Topographical complexity: This is a proxy for fire spread, as more topographically complex 

areas are less prone to large fires (Lehmann et al. 2011) and it also has been related to soil 

water availability (Murphy & Bowman 2012). Following Lehmann et al. (2011), we 

calculated the standard deviation of 30s arc-degree resolution of elevation (Lehner, Verdin & 

Jarvis 2006) within a 0.5 arc-degree pixel size.  

Since total annual precipitation and length of dry season were highly correlated (Figure S1) we 

created two sets of variables to avoid co-linearity. Each set had one of the two correlated variables 

and all the rest of the variables. For the rest of the paper we refer to these two sets of variables as 

precipitation models and seasonality models. 

Ecological niche modelling 

We used BIOMOD2 to model the present rainforest distribution using an ecological niche model 

approach (Thuiller et al. 2009). The presence or absence of forest for the present was related to 

the two sets of environmental variables (precipitation and seasonality) by using three different 
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statistical algorithms: logistic regression (GLM), random forest (RF) and generalised boosted 

models (GBM). Model parameters are described in Table S1. This results in 6 different models 

(3 algorithms x 2 sets of variables): three precipitation models and three seasonality models. All 

model output maps were scaled between 0 and 1000 using a binomial GLM in BIOMOD2 to 

enable comparison of all the algorithms used.  

Each of the six models was calibrated with the same set of randomly selected forest presence and 

absence points and then evaluated against a second set of randomly selected points using three 

different metrics of overall performance: Cohen’s kappa index (max KAPPA), the maximum true 

skill statistic (max TSS) and the area under the ROC curve (AUC) (Liu, White & Newell 2011). 

Performance values closer to 1 indicate better performance while values closer to 0 indicate a 

model that is not better than a random model.  

All models were used to simulate forest occurrence for the current and past climate (7 time steps 

at every 1000 years). The outputs of each model are probabilistic maps with values between 0 and 

1000, where 1000 indicates the highest probability of forest presence. Binary maps 

(presence/absence maps) were created from the probabilistic outputs of the simulations by using 

three different thresholds: threshold values obtained by the max KAPPA, max TSS and the best 

threshold extracted from ROC plot. These metrics in general select a threshold at which the final 

binary map represents better the presences and absences from the evaluation points (Liu et al. 

2005). The binary maps of past rainforest distribution, obtained with the three different thresholds 

mentioned above, were evaluated against past rainforest biome presence/absence reconstructed 

from fossil pollen records (see biome data section) using the TSS metric. The TSS was chosen 

because it accounts for prevalence, which makes it stronger than KAPPA (Allouche, Tsoar & 

Kadmon 2006). 

BIOMOD2 also allows for relative importance ranking of the explanatory variables (Thuiller et 

al. 2009). This involves the calculation of Pearson correlation between the fitted values of the full 

model and fitted values of a model where the variable to be evaluated has been randomly 
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permutated. Lower values of correlation indicate higher contribution. BIOMOD2 then uses these 

values to make the ranking by scaling them between 0 and 1, where values closer to 1 indicate a 

higher contribution to the model. 

Environmental niche based on paleodata and present data 

In order to have a representation of the climatic niche space we used the biplot of the principal 

component analysis (PCA) of the climatic variables. For this, we extracted the values of all 

environmental variables at each time step from the location of each forest presence (fossil pollen 

data and calibration data for present) to perform the PCA (Maiorano et al. 2013). We performed 

a second PCA, including again the values of environmental variables at the site of pollen records 

collection and environmental variable values of all rainforest pixels from the land cover map of 

Mayaux et al. 2004 to fully describe the present niche. PCA biplot was also produced for this 

second analysis. 

Changes in rainforest extent and distribution 

We selected the models with the highest performance values to analyse the changes in rainforest 

distribution for the last 6000 cal BP. First, maps of changes in rainforest distribution between 

1000 year time intervals 6,000-5000 cal BP and so on until present time were prepared to show 

the areas that remain unchanged, the areas of forest that were lost during the analysed period, and 

areas where new rainforest areas appeared by the end of the analysed period. Next, we calculated 

the percentage of overall change for each time step in comparison to the simulated current 

rainforest area: 

100%
0

0 ×
−

=
t

tti

F

FF
change  

where Fti represents the rainforest area at each time step and Ft0 represents the rainforest area at 

the present time based on the model simulation onto the present climate. 
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RESULTS 

Model simulations for present time 

All models show similarly good performance suggesting that both sets of variables (precipitation 

models and seasonality models) represent well the current rainforest distribution (Figure S3). 

Values of max TSS and max KAPPA are between 0.63 and 0.77 for all six models. The RF 

precipitation model performs best. The values for the AUC metric range between 0.91 and 0.95 

and are similar between precipitation and seasonality models (Figure S3) indicating high model 

performances. As expected, the variable importance assessment shows that the total annual 

precipitation is the most important variable in the precipitation models, while the other variables 

have little contribution, especially mean annual temperature (Table 1). For the seasonality models, 

the length of the dry season has the highest importance value (Table 1). 

An example of model output is shown in Figure 1 using GLM precipitation and GLM seasonality 

simulations for present time. Some areas of over-prediction of rainforest occurrence at the 

northern and southern borders of the current rainforest area are notable. However, most of the 

areas of over-prediction are covered currently with forest-savannah in the Congolian region or 

forest-cropland in the Guinean region. These are areas that may potentially be rainforest in the 

absence of human activity. The main obvious feature of over-prediction occurs in the Dahomey 

Gap, south of Benin and Togo, which is currently a grassland corridor that divides the rainforest 

of the Guinean domain. 

Table 1Variable importance for each model of total annual precipitation (pptot), mean annual 
temperature (tmean), topographical complexity (topo_comp) and water holding capacity (whc_1) 

 
 Precipitation models Seasonality models 

 pptot tmean topo_comp whc_1 lengdrys tmean topo_comp whc_1 

GBM 0.957 0 0.024 0.002 0.928 0.001 0.031 0.002 

GLM 0.978 0 0.138 0.098 0.939 0 0.081 0 

RF 0.939 0.021 0.062 0.008 0.86 0.032 0.049 0.005 
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Model simulations for past times 

In contrast to simulations of present rainforest distribution, simulations of past distribution using 

the models calibrated with present time data have different levels of performance, from models 

that were not better than random (TSS values close to 0) to models with high performance (TSS 

values close to 1) (Figure 2). For example, for the time steps between 6000 and 4000 cal BP, the 

precipitation models seem to perform much better than the seasonality models. While two 

precipitation models (GBM and RF) show TSS values above 0.5 and in some cases closer to 1, 

GBM and RF seasonality models have TSS values equal to 0.5 and below this value. The lowest 

TSS value (closer to 0) is recorded for the time step of 6000 cal BP indicating no better 

performance than a random model. The time steps of 5000 and 4000 cal BP are better represented 

by RF precipitation models (TSS values of 1). GLM precipitation and seasonality models show 

more similar TSS values for the time steps 6000 and 4000 cal BP. 

 
Figure 2 Evaluation of the simulations of the past forest distribution using fossil pollen records. TSS 

values for binary maps produced by using best thresholds according to max KAPPA, ROC and max TSS. 

 
For the time steps between 3000 and 1000 cal BP differences between precipitation and 

seasonality models are less marked than for the previous time steps (Figure 2). While GBM and 
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RF for precipitation and seasonality models show TSS values around 0.5, GLM models had TSS 

values between 0.5 and 0.9, and GLM precipitation models were the models better representing 

forest distribution for the time steps between 3000 and 1000 cal BP. 

 
Figure 3 Simulated rainforest distribution for the last 6000 years for GLM and RF precipitation models. 
Binary maps were produced using the threshold determined by the max KAPPA. Black crosses indicate 

forest presences while red crosses represent absences based on pollen records. 

 
To analise the spatial changes of the simulations we choose the binary maps with the best 

performance based on TSS metric (Figure 2). According to this metric, binary maps created using 

the threshold of the max KAPPA perform similarly than those using the threshold of max TSS 

and perform mostly better than that of ROC. Therefore we used the binary outputs created based 

on the threshold of max Kappa (Figure 3 and Figure 4). Here, marked differences can be observed 

between precipitation and seasonality models for the time steps between 6000 until 4000 cal BP. 

While the precipitation models show a northward expansion of the northern forest border for this 
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period in comparison to present time (Figure 3), the seasonality models show a southward 

displacement of the whole forest block from the Congolian region (Figure 4). Additionally, all 

simulations of past forest distribution using seasonality models (all algorithms and time steps) 

show a smaller rainforest area in comparison with present day rainforest area (Figure 5). For 

example, for the time step 6000 cal BP, the rainforest area is between 9% and 17% smaller than 

the current forest area depending on the algorithm used. In contrast, the precipitation models show 

a larger forest area in comparison to the present for time steps between 6000-4000 cal BP when 

using GLM and RF, but a slight smaller area (by around 2.5%) for GBM (Figure 5). 

 
Figure 4 Rainforest distribution for the last 6000 years for GLM and RF seasonality models. Binary maps 

were produced using the threshold determined by the max KAPPA. Black crosses indicate forest 
presences while red crosses represent absences based on pollen records. 

 

Climatic niche based on paleodata and present data 

The climatic niche space of the rainforest was summarized in a biplot of the first two axis of a 

PCA (Figure 6). These two axes account for 64.6% of the total variability in climate over all time 
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steps. For the precipitation vector, present rainforest samples that were used to calibrate the 

models are well distributed along the entire gradient, indicating that current rainforest associated 

precipitation represents well past precipitation regimes as well. For the vector of the length of the 

dry season, present rainforest samples are mostly located towards the projected base of the vector, 

indicating association with lowest number of months. Fewer number of present day samples are 

located in the area towards a higher number of months of dry season, in contrast to what is 

observed for samples of rainforest at 6000 and 5000 cal BP which are specially linked with a 

higher number of months of dry season. 

A second biplot explores the same climatic niche space shown in Figure 6 but in this case, samples 

for present time are represented for all rainforest pixels from the land cover map, showing the 

whole environmental spectra for the present time (Figure S4). The first two axis account for 78% 

of the variability and we observe a similar pattern for the vector of the length of the dry season to 

the pattern observed for the first biplot. The main core of samples for present time represent low 

and intermediate values of number of months of dry season, and few are located in the area 

relating to a longer dry season. Data points of present day sample relating to precipitation are well 

distributed along the gradient again. 

 

Figure 5 Percentage of change in rainforest area in comparison to simulated present extent. 
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Figure 6 PCA biplot of environmental data for all rainforest presence data from the present and fossil 
pollen records. Different colours represent different time steps. Variables included in the analysis: total 
annual mean precipitation (pptot); length of dry season (lengdrys); mean annual temperature (tmean); 

topographical complexity (topo_comp); and water holding capacity (whc_1). 

 

Main rainforest spatial patterns and changes 

Given that the RF and GLM precipitation models have the best performance for past rainforest 

simulations, we describe the main distribution patterns and their changes using the binary outputs 

of this set of models (Figure 3 and Figure 7). The simulations indicate that for the mid-Holocene 

(6000 cal BP) the rainforest area reach between 8°N latitude in Cameroon and Central African 

Republic and 10.5°N in Ghana, Togo and Benin while the south border is located at around 5°S 

(Figure 3). During this time step the Guinean forest of West Africa is smaller than today, limited 

to Sierra Leone and Liberia, and isolated from the rest of the rainforest block, which expands 

from Ghana to Democratic Republic of Congo. The main difference between RF and GLM 

models is the degree of fragmentation of the rainforest. GLM simulations show a rainforest with 

some patches of non-forest within the main rainforest block especially in the Congolian domain. 

In contrast, RF models simulates a solid rainforest block. These patterns persist for all time steps. 
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As we move through the time series, after the time step of 6000 cal BP, the northern border retreats 

further south for GLM and RF models (Figure 7). Interestingly, the Guinean forest region has its 

maximum expansion for the time steps 5000-4000 cal BP together with a southward expansion 

of the south forest border that lasted until 3000 cal BP. Some level of rainforest fragmentation is 

observed for the GLM model for the period 4000-3000 cal BP, where a slight opening of the 

rainforest is observed in the core area of the Congolian domain. Between 3000 and 2000 cal BP, 

the northern and southern borders retreat, reducing rainforest area in the Congolian domain, but 

there is an expansion of rainforest at the northern border for the Guinean region. 

 
Figure 7 Changes in rainforest distribution using binary maps produced by GLM and RF precipitation 

models. In yellow areas that remain without change, in orange lost rainforest areas and in blue new 
rainforest areas for each period. 
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DISCUSSION 

Rainforest climatic niche stability 

Water availability is the most important driver of current global rainforest presence. Different 

proxies have been used to describe this better, such as the total annual precipitation, the length of 

the dry season, the dry season soil saturation, among others (Zelazowski et al. 2011; Hirota et al. 

2011; Murphy & Bowman 2012). Our results show that current African rainforest distribution can 

be explained either by precipitation or by the length of dry season, though both of them are highly 

correlated. We developed models using these variables separately in conjunction with other 

variables (precipitation and seasonality models) showing that both sets of models perform well 

when describing present day rainforest distribution in Africa. Thus, for each set of models, 

precipitation and the length of dry season override the effect of the other variables included in our 

analysis. 

Our results also show that the importance of these two variables may have changed through time 

since the mid-Holocene (6000 cal BP) until present time. Particularly for the period between 

6000-4000 cal BP, the precipitation models simulated rainforest extent (as evidence from the 

fossil pollen record) much better than the seasonality models. A potential explanation for the poor 

performance of seasonality models is that non-analogous conditions occurred in the past, and 

therefore, the model is out of its calibration range (non-analogous climate) (Nogués-Bravo 2009). 

In fact, the PCA bi-plots show that all rainforest sites during this time period probably experienced 

a longer dry season than the present rainforest sites in combination to total annual high 

precipitation. This combination of climatic parameters does not currently occur in present time in 

areas where rainforest is present. Therefore, the African rainforest niche was less constrained in 

the past by the length of dry season, especially at 6000 cal BP.  

The occurrence of rainforest in this particular combination of climatic parameters may be related 

to soil water availability. The mid-Holocene (6000 cal BP) has been reported as the wettest period 

of the Holocene for Central Africa (Gasse 2000; Schefuß et al. 2005). Paleoclimate proxies, 
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independent from pollen proxies, suggest that an increase in local wet season intensity was driving 

hydrology rather than the length of the wet season (Collins et al. 2013). The importance of long 

roots, common in tropical trees, in obtaining water during the dry season has also been highlighted 

(Kleidon & Heimann 2000). Therefore, in a scenario of increased precipitation intensity, water 

availability in soils may have increased considerably too, allowing trees to obtain water through 

their roots even in areas with a longer dry season than present, thus reducing the impact of 

seasonality. Another potential explanation is the role played by cloud cover. Areas with high 

cloud cover may provide enough atmospheric humidity for rainforest to exist in areas with longer 

dry seasons or drier rainfall regimes (Lebamba et al. 2009a; b; Zelazowski et al. 2011). 

From the 3000 cal BP time step onwards, the high accuracy of rainforest simulations of both 

models calibrated with precipitation and length of dry season suggests an equal importance of 

seasonality and precipitation in defining rainforest distribution. These results are in agreement 

with Vincens et al.(2010), who highlight the importance of seasonality in relation to a change 

from rainforest to savannah in a site located in Cameroon, 100 km north from the present 

rainforest northern border. The replacement of rainforest by savannah at 3000 cal BP was deduced 

from the pollen composition and seems to be linked to a decrease in precipitation as well as a 

longer dry season. 

Although other drivers have been described as important for determining rainforest distribution, 

at a continental scale water availability is still the most important driver, not only for present time 

(Murphy & Bowman 2012) but also for the past rainforest distribution. However, we also found 

that precipitation seems to represent better water availability during the last 6000 cal BP compared 

to seasonality, since the same levels of precipitation to define rainforest distribution are observed 

for present and past times. On the other hand, few rainforest sites at present time have a length of 

the dry season comparable to that the palaoeclimatic models simulate for 6000 cal BP (Figure 6). 

Rather than a complete change in length of dry season in comparison to present time, most values 

of this variable at 6000 cal BP represent marginal values of the present climatic niche. Therefore 

we suggest that a partial shift in rainforest climatic niche has occurred with rainforest showing 
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small changes in tolerance for length of dry season but no changes in its requirements of total 

annual precipitation. 

More important than documenting the partial shift in climatic niche itself (Wiens & Graham 2005) 

is that little changes can have large impact in the geographic projections (Maiorano et al. 2013). 

Our results show that seasonality models failed entirely to simulate forest distribution between 

6000-4000 al yr BP. Especially for the 6000 cal BP time step (Figure 4) seasonality models 

simulate a limited rainforest presence between ~5°N and ~10°N rather than the large rainforest 

areas documented in many different fossil pollen studies (e.g. Salzmann & Hoelzmann 2005; 

Vincens et al. 2010). Therefore, the use of precipitation as proxy for water availability should be 

preferable when projecting future distribution under climate change, as the relation between 

rainforest and precipitation seems more conservative through time. 

Uncertainties in our approach are linked to the coarse resolution of the paleoclimate layers but 

also with the sampling of presences of rainforest in the current landscape. By using only non-

human areas for calibration and evaluation of our models, we may not have captured the whole 

climatic niche for the present time, which is a caveat of correlative models (Soberon 2007). 

Further research is needed to explore whether the same patterns we found for African rainforests 

are observed in other rainforests. Studies have shown that the rainforest climatic niche currently 

differs between continents, showing that a higher level of precipitation is required for Africa than 

for the Neotropics (Zelazowski et al. 2011; Murphy & Bowman 2012). In the same way we show 

here that a partial temporal niche shift has occurred for African rainforest, with large 

consequences in the geographical simulations. 

Major changes in rainforest distribution since the mid-Holocene 

Our models and simulations represent the potential rainforest distribution including areas that are 

currently under human land use pressure, therefore over-prediction is expected in relation to 

current rainforest areas, especially in areas that are currently a mosaic of rainforest and savannah 

or rainforest and croplands (Figure 1). The main over-prediction occurs for the Dahomey Gap, a 
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savannah corridor located in Togo and Benin that divides the Guinean region. Its presence has 

been associated with reduced annual precipitation values (maximum around 1000 mm) as a result 

of cooler surface waters, seasonal coastal upwelling during the summer and a reduced 

convergence (Dupont & Weinelt 1996). Marine and terrestrial pollen records suggest that the 

Dahomey Gap was covered by rainforest during the early and mid-Holocene and that the savannah 

corridor established around 4500-3400 cal BP (Dupont & Weinelt 1996; Salzmann & Hoelzmann 

2005). Our simulations suggest a level of replacement of the forest with savannah in the Dahomey 

Gap for the period 5000-4000 cal BP. Even though the rainforest gradually reduces after this time, 

our models fail to simulate its complete disappearance. 

Fragmentation of rainforest was observed for the beginning of the late Holocene (4000-3000 cal 

BP), but only for the GLM precipitation model. This model does not simulate a massive 

fragmentation but rather localized fragmentation. However, it is possible that using paleoclimate 

layers with higher resolution we could observe a more intense fragmentation process for this 

period as has been suggested by other studies (Vincens et al. 1999; Bonnefille 2011). An 

unexpected result is the two opposite fragmentation states produced by the GLM and RF 

precipitation models. The GLM precipitation models simulate a rainforest that has shown a certain 

degree of fragmentation since the mid-Holocene, contrary to the RF models that simulate a solid 

rainforest block, especially for the Congolian region. Performance of the GLM model is the 

highest for the period 3000 -1000 cal BP suggesting that it represents this period well, however, 

its performance is reduced during earlier time steps. More pollen records are needed to test which 

model represents most realistically the change in rainforest extent through time. 

The rainforest distribution of the Guinean region is also striking, as it is only present for Liberia 

during the mid-Holocene. The only marine record for that region reconstructs wet conditions and 

suggests rainforest presence covering the coast from Guinea to Liberia at that time (Collins et al. 

2011). Two other terrestrial records exist for the Guinean region. One, from the Ivory Coast, 

confirms that this area hosted rainforest for the last 6000 years (Fredoux 1983 cited by Shanahan 

et al. 2015), and the other from lake Bosumtwi in Ghana shows humid conditions for the mid-
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Holocene, after which a gradual transition to drier conditions was interrupted by increased 

precipitation between 5,400 and 3,100 cal BP (Shanahan et al. 2015). Our models capture this 

last humid phase, showing an increase of rainforest cover for the period 5000-4000 cal BP. 

However, Shanahan and colleagues highlight that the paleoclimate of the Guinean region does 

not represent well the variability in precipitation for this region between 8000 to 2500 cal BP, 

which may explain the under-representation of rainforest for this area in our models. 

Better paleoclimate layers for Africa will definitively improve our models and simulations, but it 

is also necessary to incorporate a proxy for human presence as a continuous spatial layer to 

account for the effect that humans had in the African rainforest. Future work should be directed 

to improving these datasets. 

CONCLUSIONS 

Analysis of the current rainforest climatic niche highlights the importance of precipitation and the 

length of dry season (two highly correlated variables) to define rainforest presence. It has been 

shown that climatic niche varies geographically with Neotropical rainforest having the most 

distinctive conditions among the other rainforests of Africa, Asia and Australia. Our analysis of 

the African rainforest for the last 6000 cal BP demonstrates that the rainforest climatic niche may 

vary not only spatially but also temporally. Here we test whether models calibrated with present 

day data of the rainforest climatic conditions would represent well past rainforest distribution. 

While models that used total annual precipitation (precipitation models) show good performance 

in representing past rainforest distribution, models that used the length of the dry season 

(seasonality models) fail in representing the distribution between 6000 and 4000 cal BP. During 

this latter period, pollen records show rainforest was present between 5°N and 10°N which is not 

recorded in the seasonality models suggesting that seasonality may have only played a secondary 

role during that period. 

The analysis of the climatic niche represented by a PCA biplot that includes the climatic 

conditions of each of the fossil pollen records and those of the samples from present time, show 
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that the niche does not necessarily change completely from 6000 cal BP to present. Rather, it 

shows a shift of the mean values of the length of the dry season towards marginal values of the 

current climatic niche. We suggest that African rainforest biome has suffered a partial shift of its 

climatic niche as length of dry season has commonly higher values in the past than at present time 

but precipitation remains conservative.  

While some spatial patterns of rainforest change can be observed using models that included 

precipitation, better paleoclimatic layers at higher resolution and more fossil pollen records are 

necessary to improve representation of forest changes. Finally, our analysis lacks a proxy for 

human presence. But to date no data exist as a continuous spatial layer for this information at 

1000 yr time steps. We provide evidence that models that perform well at the present time may 

not represent past conditions accurately, therefore it is important to take this past information into 

account when projections for the future effects of climate change on African rainforest are 

proposed. 
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SUPPLEMENTARY MATERIAL 

 

Appendix S1 Biomisation method (Prentice et al. 1996) 

Each species is representative of one or more plant functional types (PFT) and each biome is 

defined based on a combination of certain PFT. Affinities of each pollen taxa for each biome are 

calculated based on its percentage of the pollen sum. This method has been applied before to 

present sample records from Africa and the reconstructed and current biome show a good 

correlation (Jolly et al. 1998; Lebamba et al. 2009a). Marshy or aquatic herbs and shrubs, typical 

swamp trees, anthropogenic taxa and all Pteridophyta were excluded from the pollen sum to 

calculate the percentages following Lebamba et al. (2009a). Species were extracted from Table 1 

in Lebamba et al. (2009a) to identify the key taxa defining plant functional types. A list of species 

was made from the African pollen database (Vincens et al. 2007) and standardized with the names 

of the table from Lebamba et al. (2009a). We only included samples were total pollen count was 

at least 100 grains. PFT were assigned for each taxon following Lebamba et al. (2009a, 2012). If 

a taxon from APD was not in any of Lebamba’s publications, we assigned it with the higher taxon 

where possible (e.g. Cassia-type occidentalis was assigned to the Cassia type).  

Biome affinities for each sample of each pollen record were calculated for the following biomes: 

rainforest, seasonal forest, savannah and desert. The definition we used of rainforest (see study 

area section) encompasses the biomes of rainforest and seasonal forest. A continuous plotting of 

this affinity enabled the reconstruction of biome changes through time rather that snapshot views 

(Lebamba et al. 2012). 
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Table S 1 Model parameters used for each algorithm 

-=-=-=-=-=-=-=-=-=-=-=-=--=-=-= 'BIOMOD.Model.Options' -=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 

GLM = list(type = 'quadratic', interaction.level = 0, myFormula = NULL, test = 'AIC', family = 
binomial(link = 'logit'), mustart = 0.5, 

 control = glm.control(epsilon = 1e-08, maxit = 50, trace = FALSE)), 

GBM = list( distribution = 'bernoulli', n.trees = 100, 

 interaction.depth = 3, n.minobsinnode = 5, 

 shrinkage = 0.005, bag.fraction = 0.5, train.fraction = 1, 

 cv.folds = 3, keep.data = FALSE, verbose = FALSE, 

 perf.method = 'cv'), 

RF = list( do.classif = TRUE, ntree = 100, mtry = 'default', 

 nodesize = 5, maxnodes = NULL), 

 

Table S2 Pollen records used for the present study 

Site name Latitude Longitude Country Reference 

Lake Bosumtwi 6.5000 -1.4500 Ghana (Maley 1991) 

Lake Sele 7.1500 2.4333 Benin (Salzmann & Hoelzmann 2005) 

Yeviende 6.5350 2.3783 Benin (Tossou et al. 2008) 

Oursi 14.6547 -0.4878 Burkina Faso (Ballouche & Neumann 1995) 

Tjeri 13.7333 16.5000 Chad (Maley 1981) 

Bal Lake 13.3069 10.9494 Nigeria 
(Salzmann 1998) 

Eastern Niger Delta 4.5189 6.0763 Nigeria (Sowunmi 1981) 

Kaigama 13.2517 11.5681 Nigeria (Salzmann 1998) 

Kajemarum Oasis 13.3050 11.0289 Nigeria (Salzmann 1998) 

Lake Tilla 10.5333 12.1333 Nigeria 
(Salzmann 2000; Salzmann, 
Hoelzmann & Morczinek 2002) 

Lake Ossa 3.8014 10.0125 Cameroon (Reynaud-Farrera et al. 1996) 

Lake Bambili 5.9300 10.2300 Cameroon (Lézine et al. 2013) 

Lake Mbalang 7.3215 13.7385 Cameroon (Vincens et al. 2010) 

Lake Barombi Mbo 4.6627 9.3893 Cameroon (Lebamba et al. 2012) 

Lake Nguene -0.2000 10.4666 Gabon (Ngomanda et al. 2009a) 

Nyabessan 2.3908 10.3555 Gabon (Ngomanda et al. 2009b) 

Goualougo 2.1637 16.5096 
Republic of 
Congo 

(Brncic et al. 2007) 

Mopo Bai 2.2325 16.2624 
Republic of 
Congo 

(Brncic et al. 2009) 

Bilanko -3.5167 15.3503 
Republic of 
Congo 

(Elenga 1992) 

Ngamakala pond -4.075 15.3833 
Republic of 
Congo 

(Elenga et al. 1994) 

Lake Sinnda -3.8361 12.8000 
Republic of 
Congo 

(Vincens et al. 1998) 
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Figure S1 Correlation between climatic variables for present time. Variables included in the 

analysis: total annual mean precipitation (pptot); length of the dry season (lengdrys); mean 

annual temperature (tmean); topographical complexity (topo_comp); and water holding 

capacity (whc_1). 

 
Figure S2 Biomization method applied for each pollen record. Affinity scores to each biome. 

Definition of rainforest (see study area section) is a combination of rainforest and seasonal 

forest biomes. Areas in dark grey represent periods of lake desiccation. 
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Figure S3 Evaluation for precipitation and seasonality models. Algorithms are generalized 

boosted models (GBM), logistic regression (GLM) and random forest (RF) 

 
Figure S4 PCA biplot. Environmental conditions for all rainforest presences from all pollen 

records at each time step and from all pixels with rainforest cover from the African land 

cover map for 2000 (Mayaux et al. 2004) 
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CHAPTER 6: GENERAL DISCUSSION AND CONCLUSIONS  

  

Understanding the response of tropical rainforests to past disturbances is of utmost importance to 

determining and managing the risk that these forests face under current and future drivers of 

change. This study aimed to improve our current knowledge of the likely future trajectory of the 

persistence of the tropical Central African rainforest under climate change and fire impact through 

reconstruction of past vegetation and burning dynamics using palaeoecological records from 

sedimentary sequences. Four main questions were addressed in this thesis and are further 

discussed here: 

1. What is the role of disturbances driven by fire in determining tropical African forest 

types? (Chapter 2, Chapter 3 and Chapter 4). 

2. Is there a difference in the response of different tropical African forest types to 

disturbances? (Chapter 3 and Chapter 4). 

3. How much change occurred in the distribution of the tropical African rainforest in 

response to climatic disturbances in the last 6000 years? (Chapter 5). 

4. How resilient are African forest types, and the African rainforest as a biome, to past fire 

and climatic disturbances? (Chapter 2, Chapter 3, Chapter 4, Chapter5). 

In this thesis I combined a palaeoecological approach with spatial analyses to understand better 

the changes in the Central African rainforest. The results are strengthened by the use of several 

sediment cores from the same region, thus reducing a potential bias caused by one site’s local 

characteristics. In Table 1 I relate the main questions with the chapters, showing the different 

hypothesis, data, and main methods for each chapter. Following on from this I discuss the main 

findings of this thesis. 

 



 
  

 

Table 1 Summary chapters (hypothesis, collected data and analyses) and their relation with the main questions addressed by this thesis (see main text). 

Chapter 
Question 
addressed 

Subject Study area Hypotheses Collected data Main analyses 

Chapter 2 
1, 4 Influence of fires 

on African forest 
types. 

Sangha 
River 
region 

1) Either the intensity or 
occurrence of fires, or both, are 
different between current 
forest types.  

2) Small and asynchronous 
fires may be an indication of 
human-made fires. 

Fossil macroscopic charcoal of 12 
sediment records spanning 2500 cal 
BP collected in Swamp, mixed, 
Marantaceae and monodominant 
Gilbertiodendron forest. 

Spatial autocorrelation of fire 
occurrences. 
Generalized additive mixed models 
for fire intensity. 
Binomial generalized linear models 
for frequency of fires. 

Chapter 3 
1, 2, 4 History of 

Marantaceae 
forest. 

Sangha 
River 
region 

Marantaceae forest is a result 
of forest-fire interaction in the 
Sangha River region rather 
than a succession from 
savannah to forest. 

Phytoliths and fossil macroscopic 
charcoal extracted from two sediment 
records spanning 1200 cal BP 
collected in current Marantaceae 
forest. 

Temporal cluster analysis. 
Games-Howell test to test differences 
in fire frequency. 
Spearman correlation between 
vegetation and fire. 

Chapter 4 
1, 2, 4 History of 

monodominant 
Gilbertiodendron 
forest. 

Sangha 
River 
region 

Long term minimal 
disturbance is a requirement 
for the presence of the 
monodominant 
Gilbertiodendron forest. 

Fossil pollen and fossil macroscopic 
charcoal extracted from a sediment 
record spanning 2700 cal BP collected 
in monodominant Gilbertiodendron 
forest and published pollen data from 
other records within the region. 

Temporal cluster analysis. 
Ordination analysis: PCA, CCA. 

Chapter 5 
3, 4 Changes in 

rainforest 
distribution under 
past climate 
change. 

Central 
and West 
Africa 
rainforest 

The African rainforest climatic 
niche has been stable for the 
last 6000 years (niche 
conservatism). 

21 fossil pollen records from literature 
and the African pollen database and 
paleoclimate layers at 1000 yr step for 
the last 6000 cal BP. 

Biomization method to identify most 
likely biome for each pollen record 
through time. 
Ecological niche models using 3 
different algorithms and 2 sets of 
variables. 
Model performance analysis using 
fossil pollen records to validate 
simulations. 
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MAIN FINDINGS 

1. Role of fire in determining African forest types: A high frequency of fires is required to 

maintain the Marantaceae forest type.  

My results using 12 sediment records demonstrate that local fires were absent in the study area 

between 2500-1100 cal BP and that the highest peaks of charcoal values occurred in the last 300 

cal BP (Chapter 2). After 1100 cal BP fires were spatially discontinuous and asynchronous (no 

spatial autocorrelation and no correlation between time series of each site) and most sediment 

records exhibit low values of charcoal influx (average of 0.02 particles/cm2/yr) throughout. Only 

one site currently covered by Marantaceae forest shows large values (up to 3.1 particles/cm2/yr) 

during the last 200 years.  

The apparent individual and localized nature of mostly small fire events suggests that these most 

probably represent slash and burning activities (Bennett et al. 1990) occurring in the Sangha River 

region over the past 1100 years. Several lines of evidence indicate that humans may have been 

responsible in particular for the ignition of the majority of fire events after 1100 cal BP: 1) There 

is no general agreement between different palaeorecords records from Central Africa that a dry 

event occurred at that time, which may have triggered the fire events (Elenga et al. 1994; 

Reynaud-Farrera et al. 1996; Ngomanda et al. 2007; Hubau et al. 2013), 2) Pottery findings 15 

km from the study area are dated between 2000-600 cal BP confirming human presence in the 

area (Brncic 2002), 3) Bantu migration southwards from Nigeria and Cameroon show two peaks 

in population density based on increased pottery and metallurgy evidence, of which the second 

one is believed to have occurred at around 1000 cal BP (Wotzka 2006; Oslisly et al. 2013), 4) No 

major change in species composition is observed in fossil pollen from the two out of 12 records 

analysed for this chapter at around 1100 cal BP (Brncic et al. 2007, 2009). 

In addition to determining the cause of ignition of past fires in the study area, I found a difference 

in fire regimes between forest types. In particular, areas currently covered by Marantaceae forest 

experienced statistically significantly more frequent fire events in the past than any other forest 
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type (Tovar et al. 2014, Chapter 2). Marantaceae forest is typical of the Central African rainforest 

with a very open canopy and the presence of giant herbs in the understorey, mainly from the 

Marantaceae family. Previous studies found charcoal layers underneath the soil of this forest type 

(Brncic 2002) and past burning was observed in current Marantaceae forest (Swaine 1992). My 

results in Chapter 2 suggest that frequent human burnings played an important role in shaping the 

current Marantaceae forest. Thus the hypothesis of differences in fire regimes between forest 

types was confirmed but only for fire frequency while fire intensity was not statistically different 

between the different forest types. 

After obtaining evidence that a high frequency of fire is linked to current presence of Marantaceae 

forest, it was necessary to analyse the past vegetation changes these sites experienced. Therefore 

I extracted phytoliths from two of the 12 sediment sequences used in Chapter 2 that are currently 

covered by Marantaceae forest to describe their vegetation history (Chapter 3). The sequences 

span 750 and 1250 cal BP and for both sites there is a change from mixed forest to Marantaceae 

forest at around resp. 450 and 600 cal BP. Although previous hypothesis suggested that 

Marantaceae forest may be a succession from savannah to forest (Letouzey 1968; de Foresta 1990; 

White 2001b), my results show the opposite: a transition from a mature forest (mixed forest) to a 

more open canopy forest (Marantaceae forest) in the Sangha River region. 

For the Sangha River region I suggest that the maintenance of Marantaceae forest until present 

time is related to fire because there is a statistically significantly higher charcoal frequency during 

the period when Marantaceae forest dominated than when mixed forest dominated. Furthermore 

I suggest that Marantaceae forest represents an alternative stable state to mixed forest. Results 

show that the presence of Marantaceae forest is more closely related to the opening of the canopy 

(a significant negative correlation between phytoliths of broad-leaved trees and frequency of fires) 

(Chapter 3). Therefore, the mechanism I proposed is a combination of three steps. First, basal 

sprouting post fire, which is typical of rainforest (Marrinan et al. 2005; Knox & Clarke 2012), is 

suppressed by subsequent fires (Ainsworth & Kauffman 2013).This leads to an increase in canopy 

opening. Second, previously established Marantaceae herbs or new individuals of Marantaceae 
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species spread due to the opening of the canopy. Third, the Marantaceae herbs grow and cause 

extensive soil light reduction due to their large leaves and higher below ground competition 

because of the development of a dense rhizome system thus supressing any other tree regeneration 

(Brncic 2002; Gillet 2013). In addition to light reduction and below ground competition, the 

presence of these giant herbs and the open canopy would have made the spreading of fires easier. 

Humans may have used the leaves as fuel and the open canopy allows a better mixing of the moist 

air masses below the forest canopy with the dryer and hotter air above (Ray, Neptstad & Moutinho 

2005). In this way a positive feedback establishes between Marantaceae forest and fires leading 

to the existence of alternative stable states. 

Few studies exist that have used continuous charcoal records, and this thesis is the first to use a 

collection of cores to arrive to conclusions about the relationship between forest and fires. Much 

has been done in terms of how fires affect forest and savannah not only for Africa but for the 

Neotropics, proposing different models (Lehmann et al. 2011; Murphy & Bowman 2012). Here 

for the first time we address the influence of fires in forest types. The usefulness of these results 

has been highlighted already (McGuire & Davis 2014) as an important contribution to a future 

improvement of distribution models, because my results show the importance of including fires 

and human disturbances in these models. 

2. Differences in responses to disturbances between forest types: Forest types have 

responded differently to past fires and past climate change 

Results from different chapters of this thesis (Chapter 2, 3 and 4) show that the mixed forest type 

is the forest type most affected by both fire and climatic disturbances. Although areas currently 

covered by mixed forest have experienced different levels of small past fires (Chapter 2) more 

frequent fires can cause a major change in vegetation composition (Chapter 3). I show that two 

sediment records evidence a change from mixed forest to Marantaceae forest and that 

Marantaceae forest maintenance is related to a high frequency of fires (Chapter 3 and see previous 

section). Drivers triggering the change from mixed forest to Marantaceae forest in the Sangha 
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River region may involve other factors than only fire, however, once the change is made and the 

feedback with fires is established the observed pattern of Marantaceae forest permanence is highly 

likely (Chapter 3). Therefore, an increase of human fires in the region may lead to a higher 

presence of Marantaceae forest, in its turn leading to a decrease in important species from the 

mixed forest. 

The effect of climate change on mixed forest is also apparent from the analysis carried out in 

Chapter 5. For this chapter I gathered all pollen records from Tropical Central and West Africa 

that were available in the literature and used these to calculate the most likely biome based on 

pollen composition for the last 6000 cal BP. The different authors that published the vegetation 

records already described the changes for each pollen record individually, but applying the 

biomization method to all records allowed me to make a better comparison between sites to 

analyse whether changes in biome occurred for each site. Twelve of the 21 pollen records used in 

Chapter 5 represent mixed forest before the dry climatic event that occurred at around 3000-2500 

cal BP (Goualougo, Nyabessan, Lake Nguene, Mopo Bai, Lake Barombi, Lake Mbalang, Lake 

Bosumtwi, Lake Ossa, Ngamakala pond, Lake Sinnda, Lake Sele and Bilanko, see references in 

Chapter 5). The most dramatic forest response to the climatic event is a change from mixed forest 

to savannah observed at Lake Sele, Lake Mbalang and Lake Sinnda, while Ngamakala pond 

showed an increase of savannah in the surroundings with interspersed rainforest patches. The 

records that exhibited the most dramatic change are located currently close to the rainforest 

borders. The other records did not show a change to savannah but instead an increase of deciduous 

species (i.e. a higher affinity with the seasonal forest biome). All but one site (Lake Bosumtwi) 

demonstrated changes in their vegetation composition, indicating the vulnerability of the mixed 

forest type to climate change. 

In the case of the Marantaceae forest type, the previous section showed that it has been highly 

favoured by fire disturbances and it appears to require a high frequencies of fires to be maintained 

(Chapter 2 and Chapter 3). However the question remains whether we can find Marantaceae forest 

before 600 cal BP in other regions than in the Sangha River region. The apparent recent 
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appearance of Marantaceae forest in our study area prevents the analysis of how this forest type 

will cope under climate change. 

Lastly, for the monodominant Gilbertiodendron forest, my analysis of past vegetation for the last 

2700 cal BP of a currently monodominant patch using fossil pollen detects no response of this 

forest type to climate change (Chapter 4). Although climate change was not measured directly in 

this study, dry events for the last 2700 cal BP have been shown to have occurred throughout this 

region from several other studies examining palaeoclimatic change as indicated in fossil proxies 

including isotopes, diatoms, fossil pollen, and geochemical analysis (e.g. Nguetsop et al. 2004; 

Schefuß et al. 2005; Brncic et al. 2009; Ngomanda et al. 2009b). The detection of periods with 

different vegetation composition (zonation) using both an optimal partitioning approach and 

agglomerative technique detect only 1 meaningful period, implying that the composition mostly 

remained unchanged for the last 2700 cal BP. Moreover, Gilbertiodendron fossil pollen was 

always present and its relative abundance remained more or less constant over time. From this I 

conclude that the monodominant Gilbertiodendron forest appears to be more resilient to climate 

changes that occurred, during this interval in time, than other forest types. 

In relation to fires, monodominant Gilbertiodendron forest also seems to be unaffected by recent 

(300 years) and small fires again as evidenced by little change in its composition. However these 

results should be treated with caution because it is possible that the charcoal contribution may 

have come from the borders of the small lake rather than from the monodominant stand itself. 

Nevertheless, results from this study certainly appear to be in support of the hypothesis that long-

term absence of fires are required for the maintenance of the monodominant forest and that the 

forests have an unexpected high resilience to climate change in comparison to mixed forest.  

3. Changes in forest distribution under past climate change: the rainforest climatic niche 

has not been stable during the last 6000 years 

In Chapter 5, ecological niche models were used to model current rainforest distribution and 

simulate distributions at 1000 year time steps for the last 6000 cal BP and were tested against 
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fossil pollen records. I used two sets of ecological niche models, i.e. one set using precipitation 

and other using length of dry season as proxy for water availability. Both set of models performed 

well at present time when compared to points extracted from current land cover maps. For the 

past period (last 6000 cal BP) the models were compared to the pollen records, and here they 

showed diverging behaviour. The models using the length of dry season matched the pollen 

records noticeably worse than the models using precipitation as explanatory variable between 

6000 and 4000 cal BP. However, the match between models using the length of dry season with 

pollen records improved considerably after 4000 cal BP. From this I concluded that relative 

importance of drivers of rainforest distribution may have changed over time. One potential 

explanation is that precipitation may have overridden the effect of the length of dry season for the 

period between 6000 and 4000 cal BP because total annual precipitation was higher than at present 

time. Also, the length of the dry season may have become more important only in the last 3000 

cal BP due to the lower precipitation levels. Under a lower precipitation scenario, water 

availability is more restricted and therefore the resistance of rainforest to a longer dry season 

becomes more difficult. 

Regardless of cause, these results provide evidence that the climatic niche of the African rainforest 

has not been stable over time and has partially shifted. This implies that longer dry seasons may 

have existed in the past, even though the levels of precipitation driving rainforest distribution may 

have been stable. This is a controversial finding because to date, climatic niche stability is 

generally assumed. 

The past distribution of African rainforest was previously inferred from individual pollen records 

and no regional assessment of the extent of these forests was attempted to date. Chapter 5 is 

therefore the first study to simulate past distribution using ecological niche models. The best two 

models use precipitation as a proxy for water availability. Simulations of both models locate the 

northern border of the rainforest between 8°N and 10°N at 6000 cal BP, which implies that its 

extension was between 9-17 % larger than the simulated present distribution. The models agree 

less on the levels of rainforest fragmentation for the last 6000 cal BP. One model shows an intact 
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forest block in Central Africa (extending from East Ghana to Democratic Republic of Congo). 

The other model simulates a rainforest that was always fragmented in the centre part. 

Fragmentation intensified around 3000 cal BP, which is when the dry event occurred. However, 

the fragmentation simulated by the model is not as strong as suggested by some authors (e.g. 

Maley 2002). Further analysis will be necessary to corroborate the two potential patterns that have 

emerged from the models implemented in Chapter 5. 

The integration of pollen records using a spatial model allowed me to integrate a much larger 

number of pollen records than traditional palaeoecological studies, which typically rely on data 

from a single core. Nevertheless, this number is still very low to be representative of the size of 

the study region, and is a major limitation for corroborating hypotheses such as the level of 

fragmentation caused by dry events.  

4. African rainforest resilience: Putting all the pieces together 

In this thesis I refer to resilience as the capacity of the rainforest/forest type to absorb disturbances 

and re-organize in the face of the change as a way to retain a similar structure and functioning 

(Scheffer 2009). Table 2 summarizes the current knowledge about African rainforest resilience, 

as well as the contributions of this thesis. African rainforest resilience has been mostly studied at 

the biome level where the measured variable is typically either the forest cover or the biomass. 

This is not a surprise considering that the African rainforests is the second largest block of forest 

of the world (Primack & Corlett 2005) and therefore is a large contributor to global carbon stocks 

(Justice et al. 2001; Lewis et al. 2013). What we currently know is that, in the short-term the tree 

cover/biomass of the African rainforest appear to be resilient to moderate climate change (Fauset 

et al. 2012; Asefi-Najafabady & Saatchi 2013) and that in the longer term (decades to millennia) 

it shows faster rates of recovery than other rainforests after disturbances (Cole et al. 2014). This 

resilience is also shown in future projections of rainforest range and carbon stock (Zelazowski et 

al. 2011; Huntingford et al. 2013). 
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Table 2 Resilience of African rainforest at biome and forest type level to climate change disturbances 
(warmer and drier) and to fires. In black the contribution of the present thesis. In grey are results from 

previous studies. 

Resilience to 
disturbance 

FOREST TYPE LEVEL BIOME LEVEL 
Marantaceae 

forest 
Mixed forest Monodominant 

forest 
Lowland 
rainforest 
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Resilience to 
fires 

High 
Frequent fires 
are required 
for its 
maintenance 

Low 
High frequency can 
lead to a change into 
Marantaceae forest 

? 
Fires were mainly 
absent in collected 
records  

- 

Resilience to 
climate 
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This thesis contributes to an increased understanding of resilience of ecological processes at a 

long-term (> centuries) time scale and at the level of a finer analysis unit than the biome, i.e., the 

forest types. This allows incorporation of species composition as defined by forest type, instead 

of only the characteristic of tree cover and biomass as has been explored previously. The results 

of this analysis shed light on the different responses of forest types to climate and fire 

disturbances. In particular, monodominant Gilbertiodendron forest seems to be the most resilient 

forest type of those studied in this thesis to small climate change events (drier periods) with no 

significant change in species composition. Questions remain about the mechanisms behind this 

apparent resilience and efforts should be geared towards their better understanding including 

looking at the traits of Gilbertiodendron. However from the ecology of this forest we know that 
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its reproduction depends on large seeds that are difficult to disperse and shade conditions. 

Therefore, looking to the future any major opening of the canopy may seriously affect its 

continuity and human activities such as logging or any other activity that implies opening of the 

canopy, may represent a major threat for this forest type.  

In comparison, work from this thesis indicates that Marantaceae forest is resilient to fires but it is 

unknown how it would respond to climate change. Lastly, mixed forest remains as the less 

resilient forest type to both, climate change and fires. 

At the biome level, models developed in Chapter 5 suggest that the African rainforest underwent 

no major rainforest fragmentation during or after the dry period of around 3000 cal BP. Although 

this needs to be corroborated with more pollen records, the broad maintenance of the forest tree 

cover has also been suggested by other studies (Malhi et al. 2013). The models also show that 

rainforest in the core area may have been able to cope better with climate change than rainforest 

adjacent to other biomes. This is based on the evidence from the record collected in 

Gilbertiodendron forest which shows no significant change in species composition. However, 

further work is needed at the species diversity level in addition to the biome level and forest types, 

especially when it has been shown that species composition is affected by drier conditions in the 

short term (Fauset et al. 2012) and that large-scale disturbance reduces diversity as well (van 

Gemerden et al. 2003).  

The second important finding at the biome level is that its climatic niche does not appear to show 

stability over the last 6000 cal BP. Although the range of total annual precipitation required for 

rainforest presence remains the same over time, the length of the dry season becomes important 

in defining rainforest distribution only in the last 3000 cal BP. This finding has important 

consequences for future projections under climate change scenarios and the use of total annual 

precipitation should be preferred over the length of the dry season. 

In section 1 of main findings I show that most of the fires occurring in the Sangha River region 

in the past 1100 cal BP, are probably caused by human ignitions (Chapter 2). I also showed that 
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frequent past burning have led to changes in vegetation composition from one forest type to 

another one (Chapter 3). Despite the observed changes in composition as a result of the human 

intervention, the area remained forested. However, a potential future disturbance, such as an 

increase in fire activities associated with agriculture may put the rainforest at a higher risk than it 

has faced during past fire disturbances.  

It has been highlighted previously that the higher resilience of tropical African rainforests over 

the other tropical rainforests may be related to its history of disturbances (Malhi et al. 2013). Here 

I show that both a single forest type (monodominant Gilbertiodendron forest) as well as the biome 

as a whole are indeed somehow resilient to climate change events but not necessarily to fire 

disturbances. Future projected disturbances are likely to be higher than those that occurred in the 

past. For example, future climate change is projected to occur at a faster rate than in the past 6000 

years (Taylor, Stouffer & Meehl 2012) and the increase of human activities using slash and 

burning has being observed more frequently (Cochrane 2003). Therefore, we should be aware of 

the limits of pressure that can be exerted on the forest. This thesis contributes to the body of 

evidence that helps understanding how rainforests have responded to disturbances. 

FUTURE RESEARCH DIRECTIONS 

The analyses presented in this thesis have contributed to African rainforest responses to 

disturbances, yet it has also opened new questions related to our understanding of the disturbances 

themselves, as well as the impact of these disturbances on the vegetation. Below I list the most 

important topics and knowledge gaps to be addressed for future research: 

1) Further analysis of charcoal from sediment records across the region is necessary to understand 

better the dynamics of fires. Another interesting approach that fossil charcoal allows is the 

identification of species that were burned by using anthracology. This approach has provided 

useful information in areas such as the Ituri forest in Democratic Republic of Congo (Hart et al. 

1996) and in the Mayumbe region in the Republic of Congo (Hubau et al. 2013). Such an approach 

is suitable for the Sangha River region and will help to complement the findings of this thesis. 
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2) Our knowledge of the current African climate remains limited and the reconstruction of past 

climate is even more challenging. A good opportunity to generate better data on the past climate 

would be the use of hydrogen isotopes from leaf waxes within the core of the African rainforest. 

This relatively new technique has already shown good results for example in Lake Challa in East 

Africa (Tierney et al. 2011). Therefore it has good potential to be applied in my study area. 

3) This thesis opens new questions about the responses of African forest types with climate. For 

example: What would be the impact of climate change in Marantaceae forest? Or what is the 

threshold of climatic impact that Gilbertiodendron forest can manage? For this last question the 

analysis of patches of different size, and analyses spanning a longer time period than 3000 cal BP 

would increase our knowledge about monodominant forest. 

4) In terms of resilience, the identification of thresholds at which rainforest cross from one state 

to another (e.g. from one biome to another or from one forest type to another) should be a priority. 

This requires the study of the disturbances and the response separately, in order to integrate them 

independently in a model framework. As mentioned before, high resolution climatic data from 

sediment sequences will allow a better understanding of past fluctuations in climate. In the same 

way high resolution analysis of pollen records will allow a better understanding of the vegetation 

responses.  

5) Geographically, the Democratic Republic of Congo remains the most understudied country in 

terms of pollen records. The exploration of this region will give invaluable insights of the core 

area of the rainforest allowing us to complement our current knowledge of rainforest responses 

to past disturbances. 

All these questions and knowledge gaps show that there is still much work to be done to 

understand better the African rainforests ecology and resilience. This thesis represents the first 

step towards filling these gaps and providing more information of the past responses of this 

globally important forest block. 
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Prediction of biotic responses to future climate change in tropical Africa tends to

be based on two modelling approaches: bioclimatic species envelope models

and dynamic vegetation models. Another complementary but underused

approach is to examine biotic responses to similar climatic changes in the

past as evidenced in fossil and historical records. This paper reviews these

records and highlights the information that they provide in terms of under-

standing the local- and regional-scale responses of African vegetation to

future climate change. A key point that emerges is that a move to warmer

and wetter conditions in the past resulted in a large increase in biomass and

a range distribution of woody plants up to 400–500 km north of its present

location, the so-called greening of the Sahara. By contrast, a transition to

warmer and drier conditions resulted in a reduction in woody vegetation in

many regions and an increase in grass/savanna-dominated landscapes. The

rapid rate of climate warming coming into the current interglacial resulted in

a dramatic increase in community turnover, but there is little evidence for wide-

spread extinctions. However, huge variation in biotic response in both space

and time is apparent with, in some cases, totally different responses to the

same climatic driver. This highlights the importance of local features such as

soils, topography and also internal biotic factors in determining responses

and resilience of the African biota to climate change, information that is difficult

to obtain from modelling but is abundant in palaeoecological records.
1. Introduction
Tropical and subtropical African biomes, in particular forests and savannas, have

long been recognized for their important ecosystem services and associated

human benefits. African forests are valued for both their importance in terms

of regulating (e.g. CO2 drawdown [1]) and provisioning services (e.g. timber,

non-timber forest products [2]) and savannas for their potential in terms of pro-

visioning and cultural services, for example, grazing land for both animal

husbandry and ecotourism [3]. Most recently, these African landscapes have

also been highlighted in terms of their provisioning services for biofuels [4].

Determination of these current ecosystem services at regional and landscape

scales and the valuation of these benefits is the focus of much research presently

(see examples in the electronic supplementary material, table S1). However, it is

also recognized that these ecosystem services are changing in response to changes

in climate and this will have a significant impact on provision of services in

the future [5]. A key research challenge is to quantify the impact of these fore-

casted climatic changes on the African tropical and subtropical biota which are

important for current and future ecosystem service provision.
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There are currently two main approaches to assess the impact

of future climate change on African biota: (i) modelling the

response of species and/or vegetation functional units to changes

in climate, i.e. using the present distribution of biota/climate to

develop models to predict future change; and (ii) analysing the

palaeo-record, i.e. to examine past biotic responses to climate

changes analogous to forecasted climate to determine rates and

possible direction of future responses to climate change.

Modelling approaches to assess the impact of future climate

change on biota include bioclimatic envelope models and

dynamic vegetation models. In the first, present-day distribution

of the species in relation to the climatic envelope is calculated,

and this climate/distributional range is then used to predict

future range shifts in response to climate change (for a review,

see [6]). In Africa, a number of studies have been carried out

using this approach, indicating that for some species, significant

loss of suitable climate space will result in extinctions. For

example, a modelling study of 227 African mammals using

climate predictions for 2050 and 2080 from the HadCM3 general

circulation model (Intergovernmental Panel on Climate Change

(IPCC) special report on emissions scenarios A2 and B2 [7]) indi-

cated that between 25 and 40% of the species modelled will

be critically endangered or extinct by 2080 [8]. Similarly, mod-

elled range shifts for 5197 sub-Saharan plant species, using the

same general circulation model, predicted the extinction of

between 25 and 42% of species by 2085 due to reduction in suit-

able climate space, especially in the Guineo-Congolian forest

[9]. It is widely acknowledged, however, that these models

are highly sensitive to the algorithms used [10,11]. Moreover,

they are unable to robustly quantify vegetation responses to

conditions outside the range of variability of their training

datasets (i.e. non-analogous [12–14]), such as future high

CO2 atmospheric concentration or temperatures not observed

currently. Differences in the assumptions made regarding

non-analogous conditions might result in virtually opposite

forecasts of extinction risks [15]. Other problems include an

often poor understanding of the full ecological tolerances of

the modelled plants/animals, determination of the full spec-

trum of biotic interactions, and coarse spatial scales (approx.

100 km grid squares) [6].

Dynamic vegetation models surmount many of the above-

mentioned limitations, as they are mechanistic and explicitly

formulate physiological, biophysical and biogeochemical pro-

cesses as well as species interactions [16], and can thus be

used to predict ecosystem response in non-analogous scenarios

[17–19]. In particular, coupled vegetation dynamics and cli-

mate models have been used to demonstrate the importance

of vegetation and land-cover feedbacks in the strength of the

African monsoon over West Africa [20–22]. Despite their

great insights and usefulness, the complexity of dynamic veg-

etation models means that they are very often used with plant

functional types (PFTs) instead of species (e.g. tropical broad-

leaved evergreen, temperate needle-leaved evergreen, etc.)

[19,23] and at coarse resolution: as a result, the use of PFTs

does not enable these models to account for the observed

individual species responses to environmental changes [24].

The use of historical and palaeo-records to determine poss-

ible biotic responses to future climate change has been less used

to date. This is, in part, due to perceived circularities stemming

from the use of proxies such as fossil pollen as both climatic

and biological sources of information. The introduction of

new tools and proxies in recent years has, however, resulted

in a growing body of palaeoclimate-proxy evidence that
is independent of the fossil data detailing biotic response

(table 1). This paper presents a review of some of these newly

emerging datasets alongside the fossil evidence for biotic

responses to examine the insights that these palaeo-records

can provide on the potential responses of African biota to pro-

jected future changes in climate. It focuses on three regional

forecast climate scenarios in Africa, namely enhanced wetness,

enhanced aridity and faster rates of climate warming. Fossil

evidence for spatial variations in biota in response to climate

change in Sahara, West Africa, East Africa and Southern

Africa is examined and then discussed in the context of the

information that they provide for determining current and

future changes of biota to predicted climate changes.
2. Current and future climate change in tropical
and subtropical Africa

In order to simplify the great diversity of climates across

Africa, we have used the regional division used by the

IPCC [25] to narrow the focus of our review, namely to con-

sider records from Sahara, West Africa, East Africa and

Southern Africa (see the electronic supplementary material,

figure S1). Near the equator, within the inter-tropical conver-

gence zone (ITCZ), high precipitation (with equinoctial

maxima) is mostly modulated by insolation, and regional

variability is due to the influence of orography and oceans.

North and south of this region, climate is dominated by the

African monsoon system ([26]; see the electronic supplemen-

tary material, figure S1). Subtropical West Africa experiences

one rainy season (May to September), modulated to a great

extent by El Niño–Southern Oscillation (ENSO), sea surface

temperatures (SSTs) over the Atlantic, and strong land–

atmosphere interactions [27,28]. Subtropical East Africa in

comparison experiences two rainy seasons, the ‘long rains’

(March to May) and the highly variable ‘short rains’ (Septem-

ber to December) [29,30], driven by the seasonal migration of

the ITCZ and the movement of the Congo Air Boundary

(figure 1) [34]. Finally, Southern African climate is highly

variable regionally and modulated by the Atlantic and

Indian oceans [35–38] as well as ENSO [39,40].

Given the diversity of the current climate in Africa, it is

not surprising that climate predictions for this continent are

also highly complex. From the most recent IPCC records,

the following can be summarized for changes to the African

climate by the end of this century (2080–2099):

— precipitation forecasts indicate high regional variability

within Africa; some regions will get drier and other regions

wetter. In East Africa, precipitation will probably increase

during the ‘short rains’ season (October to December;

[30,41]). In comparison, Southern Africa’s climate is

robustly predicted to get drier [42], especially in the austral

winter [43] and to a lesser degree in spring and summer

[44]. The Sahara is expected to stay dry or become drier

[45]. Finally, in the Sahel and West Africa it could get

wetter or drier [21,46–48], because despite recent improve-

ments in the coupled model inter-comparison project phase

5 [49], there is still substantial inter-model spread in model

projections (especially in the duration and intensity of the

rainy season in the Sahel [27,50,51]);

— rate of climate change will increase. James et al. [52]

report high inter-model agreement (from a total of 24
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global climate models, GCMs) in predictions on faster

warming rates over Africa than the global average; and

— temperature projections from CIMP5 [53] for the late-

twenty-first century indicate warming in all months of

the year in all African regions. Scenario-dependent (ran-

ging from RCP2.8 to RCP8.5 [53]) temperature increases

range from approximately 1.08C to 4.48C and in some

cases 5.18C in all African regions (as defined in [25])

and in both winter and summer months.

3. Biotic responses to past climate conditions
analogous to projected scenarios

Fossil proxy climate evidence indicates that many of these pre-

dicted climatic changes for the African continent (warmer and

wetter; warmer and drier; and increased rates of climate warm-

ing) of similar magnitudes have also been encountered in the

past. Section 3a examines the evidence for these past climatic

fluctuations and the biotic responses to them.

(a) Warmer and wetter
There is now considerable independent palaeoclimatological

evidence to suggest that warmer and wetter conditions

occurred throughout many parts of western Africa, eastern
Africa and the Sahara between approximately 11 000–

4000 cal year BP, an interval commonly known as the African

Humid Period (AHP) [17,31,54–60] (table 1). Current under-

standing of the causes of these conditions points towards a

general response to changes in insolation, which in East

Africa was associated with an increase in dry season precipi-

tation (and thus a reduction in seasonality [17]) and in West

Africa with an increased penetration of an enhanced west

African monsoon [21], with increased overall precipitation.

Mapping and dating of palaeo-river channels, closed

basins, palaeo-lake shorelines and spillways demonstrates

that the vast Saharan region from approximately 11 000 to

8000 cal year BP contained a series of linked lakes, rivers

and inland deltas comprising a large interlinked waterway,

channelling water, plants and animals into and across it

[31,32] (figure 1). In addition, deuterium/hydrogen isotopes

of leaf waxes (proxy for wetness) indicate wetter conditions

in Sahara and West Africa (table 1) [61,62], and alkenone-

derived SST reconstructions (proxy for temperature) indicate

regionally warmer conditions in West Africa [63] (table 1).

Palaeoecological evidence indicates that biotic responses

to this interval of enhanced wetness were dramatic. In the

Sahara and West Africa, pollen-based vegetation recon-

struction from 73 sites (located between 4.38 S and 25.58 N;

figure 1) [24] indicates a northward progression of many
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woody species into areas that are now classified as Saharan

desert: a range expansion of up to 400–500 km northward

of present range. This resulted in some tropical trees growing

at 158N in an area that is currently occupied by the Sahara

desert [24]. Diversity reached a maximum at approximately

8.5 ka when Saharan/Sahelian elements which persisted

throughout this period were mixed with savanna and forest

species of Guineo-Congolian, Guineo-Sudanian and Suda-

nian affinities from the more humid south. All species

studied indicate an individualistic rate and direction of

movement, probably via water courses and gallery forests

[24,32,64]. Thus, with this warmer and wetter climate, some

regions that are now plantless hyperarid deserts were occu-

pied by savanna, desert grassland [54,65] and in some places

gallery forests [24], resulting in complex ‘non-analogue’ veg-

etation assemblages with mixed xeric–semimesic–mesic

vegetation that has no modern counterpart.

In East Africa, palaeoenvironmental records including

TEX86 (an organic palaeothermometer), deuterium/hydrogen

and carbon isotope ratios of higher plant leaf waxes (proxy

measures of palaeo-wetness) from Lake Tanganyika [60]

(figure 1 and table 1) indicate that major changes in vegetation

were highly correlated to climate trends during the wetter and

warmer period 11 500–5000 cal year BP. Overall, the trend

towards warmer and wetter conditions was paralleled by a

shift in vegetation from one dominated by savanna and C4

grasses [66,67] to a landscape dominated by C3 trees and

shrubs [66].

Significant, region-wide changes in vegetation therefore

occurred in response to enhanced temperature and precipi-

tation. These included large-scale range shifts, development

of novel plant assemblages, higher concentrations of plant bio-

mass in regions previously unable to support woody tree

growth and extensive community turnover and assemblage

change. However, the responses of plants appear to have

been individualistic; there is little support, for example, for a

vast ‘wave’ of forest migration—rather different species under-

went range shift at different rates (varying in their response by

thousands of years) and in different directions, and the overall

response was nonlinear [24,32,64] and appears to have been

strongly influenced by local abiotic factors.
(b) Warmer and drier
Palaeoclimatic evidence indicates that a transition into a

significantly drier climate occurred in some parts of Africa

during the period 4000–1000 cal year BP (table 1). For

example, in West Africa, deuterium/hydrogen isotopes

from leaf waxes (proxy for wetness) and alkenone-derived

SST reconstructions (proxy for temperature) indicate a

decrease in wetness from 3200 cal year BP onwards and

increase in temperature [63] (table 1).

In equatorial West Africa, one of the best records depict-

ing biotic response to enhanced aridity is found in the

fossil pollen sequence from Lake Mbalang, central Cameroon

at approximately 78N (figure 1) [68]. Around this site,

palaeoecological evidence indicates there was a large-scale

reduction in tropical forest, and the modern savanna

became established around 3000 cal year BP (figure 1 and

table 1). Lakes such as Sinnda completely dried up between

4000 and 1200 cal year BP [69]. Here, the structure of the

forest changed significantly to favour dry-adapted semi-

deciduous taxa, and disappeared altogether (4000–1200 cal
year BP [69]) to the current grasslands. This forest response

however was not uniform, with evidence from palaeoecogi-

cal records obtained from lakes Ngakamala, Kitina and

Barombi Mbo (figure 1) indicating only the fragmentation

of the forest and the appearance of savanna mosaics during

the same interval of aridity [70–72]. Around Lake Ossa

[73], there was a change in forest composition with an

increase in pioneer species (Alchornea and Macaranga),

whereas at Bosumtwi, almost no response is seen in the

palaeo-record of vegetation [74]. This apparently local

response of vegetation across West Africa to the same climatic

forcing testifies to the importance of localized edaphic and

geomorphic contexts and the variability in the stability and

resilience of local vegetation structure to regional-scale

climatic perturbations.

In East Africa, abrupt changes towards arid conditions

are also recorded in the Tanganyika basin during the

mid-Holocene, where an independent precipitation proxy

(deuterium/hydrogen isotopes from plant waxes) indicates

moderate drying from 6200 to 5500 cal year BP and a sub-

sequent abrupt shift to arid conditions at 4900–4500 cal

year BP [60]. Despite these rapid threshold-like shifts in

hydrology, the vegetation record exhibited a gradual evol-

ution towards C4 dominated grasslands from 11 000 cal

year BP and then throughout the Holocene. At this site,

xeric grassland/shrubland therefore showed an apparent

strong internal ecosystem control, being to some extent resili-

ent to observed climatic swings [60]. From around 2700 cal

year BP to present, however, a reduction of arboreal species

and expansion of the current grasses occurred [75].

Direction and timing of past vegetation change in

response to warmer and drier climate in Africa was therefore

often nonlinear, highly variable spatially and appears to have

been dependent on specific ecosystem resilience to aridity at

the local and regional scale. Assemblage change occurred in

some areas, but there is little evidence to indicate a uniform

change from forest to savanna or grassland; rather local fac-

tors seemed to strongly influence both the type and also

timing of the response with some vegetation assemblages/

areas displaying far greater resilience to enhanced aridity

than others.
(c) Faster rates of warming
IPCC GCMs indicate that Africa will undergo a net warming

of 3–48C by 2100, with mean predicted rates of warming

more than 0.38C per decade. These rates are a conservative

number, because they are higher regionally (subtropics),

under larger emissions scenarios and vary seasonally

(i.e. June to July) [52,53]. A useful interval in time to examine

past biotic responses to similarly rapid warming rates is

during the transition coming into the present interglacial

(for a review, see [76]). Palaeoclimatic estimates indicate

that the rates encountered at this interval are roughly com-

parable with estimates of warming over the twenty-first

century [76,77]. For example, at the higher latitudes of the

Northern Hemisphere, the rapid warming at approximately

11.7 to 11.5 ka produced increases of 58C and more over a

few decades [78], and data from Greenland ice cores suggest

that a more than 108C warming may have occurred in a

period of 20–60 years [79]. Evidence from Lake Masoko,

East Africa (see the electronic supplementary material,

figure S2), indicates an equally dramatic climate change
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coming out of the Younger Dryas, interpreted as a rapid

increase in precipitation and/or temperature [80].

In East Africa, the most predominant response to this inter-

val of rapid warming was ecological turnover and range

adjustment. In the record from Lake Masoko [81], for example,

a switch from forest dominated by taxa intolerant of a dry

season to one containing species tolerant of a dry season

occurred in less than 100 years at around 11 800 cal year BP

(see the electronic supplementary material, figure S2). A simi-

larly rapid turnover to climate warming is also seen in the

palaeoecological record from Lake Kashiru in Burundi at this

interval in time. Here, there was a switch from a grassland

dominated ecosystem to woodlands [82] (see the electronic

supplementary material, figure S2). Interestingly, at both

sites, only a few local extinctions are noted associated with

this rapid climatic transition. Instead, the main response was

the rapid change in abundance of different taxa, a pattern simi-

lar to that seen throughout the Northern Hemisphere at this

interval in time [76]. African plant species, at least in the

regions studied thus far, appear to have had a level of tolerance

and environmental plasticity to this interval of rapid climate

change that enabled them to persist.
4. Discussion
The palaeoecological records presented here indicate some

important additional factors that need to be taken into

account when attempting to determine biotic response to

future climate change; these are nonlinear features that will

not necessarily be determined through modelling approaches

alone, and can be summarized as follows.

First, there is a nonlinearity in the timing of the response

of vegetation change to the same climatic driver. It would

appear that slow climate trends can result in abrupt shifts

in vegetation, and rapid climate changes may not incur

rapid vegetation changes. For example, Tierney et al. [60]

used paired compound-specific isotope records from the

Holocene climate transition to show that major shifts in veg-

etation cover in the Tanganyika basin at 6.2–5.5 ka occurred

during a time of only moderate drying. Prior to this, veg-

etation response was characteristically gradual, despite

changes in wetness being typically abrupt [60]. This mis-

match in the nature and timing of the relationship between

climate variables and vegetation response is also noted in

other regions of Africa [83]. Understanding this nonlinear be-

haviour is critical to understanding the level of confidence

that can be placed in current and future predictions on the

rate of response of African biota to climate change.

Second, there is nonlinearity in terms of the spatial

response. In equatorial West Africa, for example, the interval

of enhanced aridity between 4000 and 1000 cal year BP

resulted in dramatic vegetation shifts from forest to savanna

and to grassland in some areas, whereas other areas with

the same climatic trigger saw little vegetation response.

Reasons for these differences are important for determining

spatial patterns of resilience across landscapes and, in par-

ticular, the sustainability of ecosystem service provision

through time in response to climate change.

Third, there is nonlinearity in terms of the response of

individual species and communities to climate change. In

response to the AHP, for example, a large number of datasets

from across West Africa indicate that while many woody
species migrated north leading to the ‘greening of the

Sahara’, they did so at individual rates and often follow-

ing their own individual spatial trajectories, influenced by

local topographical conditions [24,32,64]. Evidence for a large

‘wave-like’ biome movement in response to enhanced preci-

pitation is totally lacking. These individual diffuse patterns

of movement across landscapes in the fossil record, resulting

in novel species assemblages and mosaic vegetation com-

munities, provide a realistic representation of vegetation

movement across the African landscape that could provide

an important framework for future modelling studies.

All of the above is very important information for the cur-

rent and future management of African landscapes because

while at the broadest scale we might see extrinsic forcing

leading to widespread turnover, the vast majority of evidence

emerging from fossil records suggests that the rate and nature

of this change is spatially highly variable and nonlinear.

To date, palaeoecological data have provided qualitative

information on the regional envelope of environmental varia-

bility for use in modelling [84], but it has enormous potential

to be used in a quantitative sense to validate and hindcast

models that project responses forwards into the future from

the biome to the species scale [85]. The difficulty of obtaining

the required lengthy, high temporal resolution data series

that is required by such models may potentially be overcome

by using combinations of high-resolution palaeoecological

data and independent climate records during key periods

analogous to forecast changes in climate.

Two other sources of information that are often not

considered in modelling approaches but can be obtained

from historical and palaeoecological records are the legacy

of human impact and increasing atmospheric CO2 con-

centrations on the African landscapes. Both have clearly

had an impact and continue to have a significant impact

on African biota, and the potential for using a longer-

term perspective to obtaining information necessary for

modelling of these two drivers will briefly be discussed in

the following section.

Predicted future levels of anthropogenically induced

atmospheric CO2 indicate values ranging from 467 to

567 ppmv by 2050 and from 540 to 970 ppmv by the end of

the twenty-first century. Ranges result from using different

emission socio-economic scenarios [7,53]. Increasing CO2

combined with warming affects photosynthesis and plant pro-

ductivity, in what is known as the CO2 fertilization process

[76,86–88]. When the fertilization effect is implemented in

dynamic vegetation models for future climatic scenarios, the

output predicts enhanced plant growth, an increase in ecosys-

tem productivity and higher diversity [89]. Historical records

based on long-term monitoring plots, remote sensing and

forest inventories largely agree with these predictions [90,91].

In the savanna biome of Southern and Eastern Africa, for

example, historical photographs over the past 100 years indi-

cate increased woody thickening of the savanna [13,92,93].

Evidence indicates that this thickening is due to the CO2 ferti-

lization process, through a mechanism of which fire survival

and suppression is a key component [12,13,93–95]. Moreover,

the observed increase in woody shrubs and trees in these

savannas has involved a reduction of C4 grasses in the

understorey, implying fundamental changes of the species

and functional assemblage of these communities [96].

This agrees with theorized increased competitiveness of trees

and C3 plants in general under increased atmospheric
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CO2 concentrations [97]. To add further support to this sug-

gestion, Acacia karroo and Terminalia sericea, typical species

of African savanna, were grown in growth chambers

using a gradient of CO2 treatments including that at the last

glacial maximum (180 ppm) and above-ambient (450 ppm).

In both species, as CO2 concentration was increased, there

was a significant increase in the mass of the root and shoot

material [95].

Palaeoecological and historical records can also provide

important additional information to understand impacts of

future human activities upon the landscape. For example,

changes in savanna fire regime of Southern Africa have

been observed as a result of agro-pastoralism, especially in

the past 4000 years, which may have potentially affected

forest expansion [98]. In addition, in central West Africa, a

recent study [99] has challenged the common belief that an
arid event at around 2500 cal year BP caused a major decrease

in forest [100–102], proposing instead that human land-use

change was responsible for this vegetation change. Although

this hypothesis remains under debate [103,104], it highlights

the fact that more attention should be paid to past human

impacts and their legacy on the current vegetation/climate

of tropical Africa. This is a point often missed in modelling

approaches and something that future studies should address

when considering the relationship between vegetation and

climate in Africa.
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55. Lézine A-M, Watrin J, Vincens A, Hely C. 2009 Are
modern pollen data representative of west African
vegetation? Rev. Palaeobot. Palynol. 156, 265 – 276.
(doi:10.1016/j.revpalbo.2009.02.001)

56. Hoelzmann P, Gasse F, Dupont LM, Salzmann U,
Staubwasser M, Leuschner DC, Sirocko F. 2004
Palaeoenvironmental changes in the arid and sub
arid belt (Sahara – Sahel – Arabian Peninsula) from
150 kyr to present. In Past climate variability
through Europe and Africa (eds RW Battarbee, F
GasseCE Stickley), pp. 219 – 256. Dordrecht, the
Netherlands: Springer.

57. Gasse F. 2000 Hydrological changes in the African
tropics since the last glacial maximum. Quat. Sci.
Rev. 19, 189 – 211. (doi:10.1016/S0277-
3791(99)00061-X)

58. Jolly D et al. 1998 Biome reconstruction from pollen
and plant macrofossil data for Africa and the
Arabian peninsula at 0 and 6000 years. J. Biogeogr.
25, 1007 – 1027. (doi:10.1046/j.1365-2699.1998.
00238.x)

59. Berke MA, Johnson TC, Werne JP, Grice K, Schouten
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lac Tanganyika: 30,000 ans d’histoire botanique et
climatique du bassin Nord. Rev. Palaeobot. Palynol.
78, 381 – 394. (doi:10.1016/0034-6667(93)90072-3)

76. Willis KJ, MacDonald GM. 2011 Long-term
ecological records and their relevance to climate
change predictions for a warmer world. Annu. Rev.
Ecol. Evol. Syst. 42, 267 – 287. (doi:10.1146/
annurev-ecolsys-102209-144704)

77. IPCC. 2007 Climate change 2007: the physical science
basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge, UK: IPCC.
78. Kobashi T, Severinghaus JP, Barnola J-M. 2008 4+
1.58C abrupt warming 11,270 yr ago identified
from trapped air in Greenland ice. Earth Planet.
Sci. Lett. 268, 397 – 407. (doi:10.1016/j.epsl.
2008.01.032)

79. Steffensen JP et al. 2008 High-resolution Greenland
ice core data show abrupt climate change happens
in few years. Science 321, 680 – 684. (doi:10.1126/
science.1157707)

80. Garcin Y, Vincens A, Williamson D, Buchet G, Guiot
J. 2007 Abrupt resumption of the African monsoon
at the Younger Dryas – Holocene climatic transition.
Quat. Sci. Rev. 26, 690 – 704. (doi:10.1016/j.
quascirev.2006.10.014)

81. Vincens A, Garcin Y, Buchet G. 2007 Influence of
rainfall seasonality on African lowland vegetation
during the Late Quaternary: pollen evidence from
Lake Masoko, Tanzania. J. Biogeogr. 34, 1274 –
1288. (doi:10.1111/j.1365-2699.2007.01698.x)
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