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Abstract: Anthropogenically elevated CO2 (eCO2) levels have been suggested to increase 
woody cover within tropical ecosystems through fertilization. The effect of eCO2 is built into 
Earth system models, although testing the relationship over long periods of time remains 
challenging. Here we explore the relative importance of six drivers of vegetation change in 
western Africa over the last c. 500,000 years (moisture availability, fire activity, mammalian 
herbivore density, temperature, temperature seasonality, CO2) by coupling past environmental 
change data from Lake Bosumtwi (Ghana) with global data. We find that moisture availability 
and fire activity were the most important factors in determining woody cover, whereas the effect 
of CO2 was small. Our findings suggest that the role of eCO2 effects on tropical vegetation in 
predictive models must be reconsidered. 

One Sentence Summary: CO2 does not dominate woody vegetation dynamics in the tropics. 

Main Text:  
Tropical vegetation forms an important part of the global carbon cycle, with forests contributing 
33% (1) and savannas 30% (2) of the global terrestrial net primary productivity. The current 
paradigm suggests that anthropogenically elevated CO2 (eCO2) levels have enhanced carbon 
sequestration rates in tropical forests (3, 4) and resulted in elevated woody cover, ‘greening’, 
within tropical savannas and grasslands (5-7). The suggested reason for these changes is that 
plant species that use the C3 photosynthetic pathway (such as trees and shrubs) are predicted to 
sequester more carbon under eCO2 than species that use the C4 pathway (such as tropical 
grasses) (8, 9). This highly influential concept of tropical ‘greening’ due to eCO2 is difficult to 
test, especially on large spatial scales or over long periods of time (10-12). However, dynamic 
global vegetation and Earth system models, which are used to predict the impacts of projected 
future climate change, nevertheless typically include a fertilization effect of eCO2 on the growth 
of woody cover in the tropics, e.g., (6, 13-16).  
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The impact of eCO2 on vegetation has recently been challenged in observational and 
experimental field studies running over decades (17-20); with atmospheric CO2 rising by c. 100 
ppm since AD 1960 (NOAA Global Monitoring Lab). Consequently, a significant question now 
exists regarding the effect of eCO2 on vegetation community change (e.g., shift in the dominance 
of plants with C3 versus C4 photosynthetic pathways), rather than on individual plants, and 
therefore on the importance of including eCO2 as driver of vegetation change in models over 
long periods of time and on large spatial scales. This is fundamental to understanding Earth 
system function because it took thousands of years for modern tropical forest vegetation to 
establish following the end of the last global glacial period, e.g., (21). Furthermore, if we are to 
be able to correctly anticipate future vegetation change, and predict the potentially significant 
roles that vegetation could play in mitigating, or enhancing, climate change under continuing 
anthropogenic eCO2 levels, it is over long periods of time that knowledge is required. While 
modelling studies have been used to assess how lower eCO2 levels could have impacted 
vegetation during the latter part of the last glacial period, c. 21-18,000 years ago (22-24), there 
remains, currently, no data available to support the causal relationship between eCO2 and 
tropical woody cover over multiple high magnitude (>100 ppm) eCO2 transitions relevant to the 
establishment of tropical vegetation communities. Here we remedy this problem and explore the 
relationship between tropical woody cover, CO2, and five other variables known to influence 
woody cover (fire activity, mammalian herbivore density, moisture availability, temperature, and 
temperature seasonality (25-27)) over the last c. 500,000 years at a site in tropical western 
Africa. 

The sedimentary archive recovered from Lake Bosumtwi in Ghana (6°30'N, 1°25'W, 97 m above 
sea level) contains evidence for multiple multi-millennial transitions between tropical woody and 
grass-dominated vegetation over the last c. 500,000 years (28, 29). Located within moist semi-
evergreen forest today, Bosumtwi receives c. 1450 mm of rainfall per year (30). To the north of 
Bosumtwi there is a concomitant decline in rainfall and woody cover (31). The relationship 
between the depth and age of the sediments recovered from Bosumtwi is constrained 
independently by radiocarbon, optically stimulated luminescence and uranium-thorium ages. All 
these data are combined through a Bayesian probability model to allow uncertainties in the 
chronology to be calculated (Fig. 1S; (32)). The exceptionally long record of past environmental 
changes, and its position on ecological and climatic gradients, makes Bosumtwi the ideal 
location to test the relative importance of drivers of tropical vegetation dynamics (21). 
Furthermore, the variation in woody cover in the Bosumtwi record and the simulated vegetation 
carbon storage show similar, sub-100,000 year, patterns of change over the last c. 500,000 years 
(33) (Fig. 1A, B). 

We characterize the woody cover in tropical western Africa, and the likely factors driving 
change, using a combination of observed and simulated data obtained from the sedimentary core 
recovered from Bosumtwi (34), the GENIE-1 Earth system (climate-carbon cycle) model (35), 
and ice core records (36). Four variables were obtained from Bosumtwi (pollen taxa, charcoal 
fragments, Sporormiella fungal spores, and 𝛿15N) providing time series of vegetation cover 
(variation of woody versus grassy cover), fire activity, mammalian herbivore density, and 
moisture availability respectively (32). Two additional variables were obtained for the Bosumtwi 
region from the GENIE-1 model, namely temperature and temperature seasonality (33). 
Atmospheric CO2 concentrations were taken from ice-core records (36). The data sets were 
integrated using an updated chronology for Bosumtwi (32), the chronology from within the 
GENIE-1 model (35), and the ice core chronology (36). 
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The data extracted from the Bosumtwi sediment core show variations in the degree of woody 
cover (Fig. 1B), fire activity (Fig. 1C), mammalian herbivore density (Fig. 1D), and moisture 
availability (Fig. 1E). The major variation in the pollen assemblage over the last c. 500,000 years 
is driven primarily by the abundance of grass (Poaceae) (Fig. 1B (28, 29, 32)). Fire activity and 
mammalian herbivores are shown to have been near continually present in the landscape for the 
last c. 500,000 years; with the lowest prevalence of fire activity being after c. 9000 years ago, 
and the lowest density of mammalian herbivores between c. 22,000 and 800 years ago. Moisture 
availability is shown to oscillate throughout the last c. 500,000 years with lower-than-average 
availability suggested between c. 300,000 and 130,000, and around 30,000 years ago (Fig. 1E). 
Temperature (Fig. 1F), temperature seasonality (Fig. 1G) and atmospheric CO2 levels (Fig. 1H) 
show major fluctuations on 100,000-year and 21,000-year time scales, related to orbital climate 
forcing (33). 
The direction and strength of the relationships between the various variables were assessed 
through structural equation modelling (SEM, e.g., (25)). SEM identifies the directionality of 
linear relationships within an a priori model of seven variables (Fig. 2A  (32)), calculated 
independently over two different intervals of time (c. 150,000-0 years and 500,000-0 years). The 
c. 150,000-year interval was selected because this section of the sedimentary archive contains the 
largest number of independent radiometric age control points, i.e., the chronological control is 
the most robust through this section of the record. The c. 500,000-year interval was used because 
it includes the largest amount of available data on past ecological and climatic change (pollen, 
Sporormiella fungal spores and charcoal fragments with n=112; δ15N with n=51). The SEM was 
constructed to examine hypothesized direct and indirect relationships based on current 
understanding of tropical vegetation (25, 31) (Fig. 2A). To explore for possible bias due to 
chronological uncertainty in the Bosumtwi record the SEMs were also run against 1000 possible 
alternative versions of the chronology (28) for both intervals of time (for the c. 500,000-year data 
see Fig. 3; other analysis in (32)). Given the limitations of null-hypothesis significance testing 
(37), we focused on the relative importance of the predictor variables using the distribution of the 
standardized coefficients of the SEMs.  

Regardless of time interval, moisture availability is shown to be the most important driver of 
woody cover, directly and indirectly, on multi-millennial time (Fig. 2B, C; Fig. 3; Table S1). 
Increasing moisture availability simultaneously results in increasing woody cover and a decrease 
in grass-fuelled fire activity. This decrease likely reflects changes in the abundance of the woody 
component of these ecosystems, resulting in the negative relationships between fire activity and 
woody cover (38). Mammalian herbivore density shows a strong positive relationship with fire 
activity and woody cover. These findings are in agreement with recent analyses indicating that 
herbivore biomass and woody cover are positively correlated when woody cover is sparse (26). 
Conversely, increasing temperature seasonality had a strong negative effect on woody cover. 
These findings are in line with those based on recent global observational studies in savannas 
(25, 27, 31) and forests (39), and additionally suggests that the mechanistic controls on tropical 
woody cover have remained stable for at least the last half a million years. Surprisingly, the 
effect of atmospheric CO2 on woody cover both directly and indirectly, via temperature, was 
small during the last c. 500,000 years at Bosumtwi (Fig. 2B, C); furthermore, even when 
temperature or moisture were excluded from the SEM the relative importance of the different 
drivers was found to hold (presented in (32)). 
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Our findings suggest that abiotic (moisture availability and fire activity) and biotic (mammalian 
herbivore density) drivers operating at the landscape scale together with temperature seasonailty 
can override the role of CO2 in driving woody growth at forest-savanna transitions in the tropics. 
The absence of strong relationship between CO2 and woody cover at Bosumtwi provides new 
evidence against the idea that lower eCO2 levels could be mainly responsible for tropical 
vegetation change over glacial-interglacial cycles (22), and supports findings of a stronger role 
for precipitation than CO2 in determining the position of the treeline in African mountain regions 
(23, 24). Comparison of major vegetation shifts identified in other long terrestrial records from 
Africa reveals no strong and contrasting correlation with each other and shifts in global CO2 
(Fig. S7 and S8; (32)). In eastern Africa during the last c. 500,000 years the periods of highest 
woody cover (lowest abundance of grasses) at Lake Magadi and Lake Malawi are antiphased 
(40-42) suggesting that a regionally specific change (such as in precipitation pattern sensu  (43)), 
rather than a uniform CO2 fertilisation effect, is likely to be the driving factor. Shorter records 
from southern (Vankervelsvlei (44)) and central (Lake Bambili (45)) Africa show changes in 
woody cover during the last glacial cycle (last c. 100,000 years) that do not all occur in concert 
with global CO2 shifts, again suggesting other processes were important. A recent analysis of 
African climate change over the last 1 million years revealed that the major change in 
precipitation patterns occurred c. 300,000 years ago and was related to a shift in tropical climate 
systems (Walker Circulation) (43, 46). Based on the strong control of moisture availability on 
woody cover shown here we hypothesise that changes in moisture availability are likely to 
exerted a greater control on vegetation across Africa than CO2.  

The low relative importance of CO2 to determining woody cover in Africa over long timescales 
can be considered mechanistically. Although trees require more carbon to deploy a unit of leaf 
area than grasses (5), and they need to allocate large amounts of carbon in roots to re-sprout after 
grass fire and herbivory damage (47, 48), as well as to ensure that they rapidly attain sizes 
needed to prevent these damages (49), eCO2 may not necessarily result in higher woody cover. 
Possible explanations for the small CO2 effect on woody cover are that it can be counteracted by 
impacts from climate-driven changes (50), by water or nutrient limitations on vegetation 
productivity (17), or fire could limit woody cover expansion in tropical grasslands and savannas 
(21), but see (27). Generating comparable, and high resolution, multi-proxy records to test our 
findings in different biomes across the tropics is now a priority. 

Our study confirms that an improved understanding of vegetation community change (C4 versus 
C3 plant response) under eCO2 is needed for dynamic global vegetation and Earth system 
modelling of the future. The small effects of CO2 on past woody cover challenges the long-term 
capacity of tropical savannas and forests to slow anthropogenically eCO2 through increased 
‘greening’ as woody taxa recruitment and growth are enhanced through CO2 fertilisation effects, 
as predicted by these models (14-16). Consequently, our findings suggest that the long-term 
effectiveness of proposed tropical vegetation-based strategies to mitigate anthropogenic eCO2 

through enhanced carbon sequestration rates (51, 52) is contingent on sufficient moisture 
availability.  
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Fig. 1. Five hundred thousand years of tropical environmental change indicated by model 
simulations of conditions for low northern latitudes (0-23 oN) (panels A, F, G), empirical data 
from Lake Bosumtwi (Ghana) (panels B-E), and global atmospheric CO2 (panel H). (A) 
Simulated vegetation carbon storage. (B) Characterization of the variation in the abundance of 
woody taxa within the overall pollen/spore assemblage data; + indicates more woody taxa, - 
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indicates higher abundance of grass (represented by the first ordination axis based on Detrended 
Correspondence Analysis: DCA axis 1). (C) Reconstructed fire activity from sedimentary 
charcoal abundance data; two values exceed the scales shown, sample indicated by ^^ = 25 and ^ 
= 16 x106 charcoal particles/cm3. (D) Relative mammalian herbivore density reconstructed from 
sedimentary Sporormiella abundance; two samples exceed the scale shown, sample indicated by 
^^ = 0.37 and ^ = 0.36 as a proportion of the pollen sum. (E) Moisture availability reconstructed 
from sedimentary δ15N; + indicates deeper lake levels, - indicates lower lake levels. (F) 
Simulated temperature for low northern latitude band. (G) Simulated difference in temperature 
between seasons for low northern latitude band, i.e., high values indicate greater difference in 
temperature between seasons. (H) Atmospheric CO2 (for further information see (32)). Grey box 
indicates data used within the c. 150,000-year time interval structural equation model (SEM) 
(Fig. 2B). The entire time range of the figure indicates the data used within the c. 500,000-year 
time interval SEM (Fig. 2C). 
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Fig. 2. Assessment of past relationships between climate, atmospheric CO2, landscape processes, 
and vegetation in the tropics using a structural equation modeling approach. (A) Hypothesized 
relationships examined in this study (see Fig. 1). Results of structural equation modeling for (B) 
the last c. 150,000-years, and (C) the last c. 500,000-years based the weighted average 
chronology (32). Measured variables are indicated by square gray boxes: solid lines indicate 
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empirical data derived from the Bosumtwi sedimentary record, dashes indicate data derived from 
the GENIE-1 model, and dots indicate empirical data from ice cores (see  (32)). Latent variables 
are in black ovals. Colors associated with variables match Fig. 1. In panels (B) and (C) arrow 
color indicate positive (green, solid) and negative (pink, dashed) relationships, arrow thickness 
represents the absolute strength of the relationships based on the average age model (32). 
Significance testing *: 0.01 <P <0.05, **: 0.001 <P <0.01, ***: <0.001. Full model results are 
presented in Table S1 (32). 
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Fig. 3. Distributions of the standardized coefficients for the predictor variables in the structural 
equation models (SEMs) for the c. 500,000-year interval for Bosumtwi (Fig. 2C). The SEMs 
were run against 1000 possible alternative versions of the chronology to explore for possible bias 
due to chronological uncertainty. The predictor variables are shown per response variable (fire 
and woody cover). The most important drivers of woody cover are moisture availability and fire 
as they do not include zero in their distributions. The statistics are reported in (32). 
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Materials and Methods 
 
Lake Bosumtwi chronology 
An age model extending to the base of drill core 5B was constructed using a combination of 
radiocarbon (calibrated 14C; n= 109), optically stimulated luminescence (OSL; n=22) and 
uranium-thorium (U/Th; n=5) dates (53), as well as published dates for the age of the crater from 
the literature of 1.07 r 0.05 million years (54). The use of microtektite ages as a constraint on the 
base of the record is based on observations of impact related “accretionary” lapilli, microtektite-
like glass spherules and shocked quartz in the basal sediments of core 5B at 290 meters below 
lake floor (mblf) (55). Age-depth modeling was performed using a Bayesian approach in R 
software using the Bacon model (56, 57).   

The model used here is updated from that published in (53) and used previously in 
palynological studies of the long Bosumtwi record (28, 29, 58, 59).  First, we extended the age 
model to the base of the sediment record by including the crater age in the Bacon model, rather 
than by simple linear extrapolation (29), which allows us to generate more robust age 
uncertainties for the deeper portion of the record.  Second, we excluded the paleomagnetic 
excursions first presented in (53). Additional work on the paleomagnetics in the sediments from 
Bosumtwi performed at the University of Rhode Island found that downcore identifications of 
paleomagnetic excursions in the record were unreliable (C. Heil, personal communication). As a 
result, we opted to remove them from the current age model until their identification can be 
confirmed. We also included all of the U-Th ages in the age model, given that even the large 
errors in the deepest sample (r85,000 years) result in it having a minimal impact on the resultant 
age model.  

The Bacon age modeling approach has the advantage over more traditional age modeling 
approaches in that it provides an ensemble of possible age models given the age constraints, their 
analytical (and calibrated) age uncertainties and distributions, and sedimentation rates (grey 
shading, Fig. S1).  Although any of these age models is possible, a weighted average chronology 
(solid line, Fig. S1) highlights the greater density of models towards the center of this 
distribution. In the current study, we use the weighted chronology in the structural equation 
models presented in Figure 2. To determine the potential influence of age model uncertainty on 
these results and the robustness of our conclusions, we also run our analysis on 1000 possible 
versions of the age models produced by Bacon (60).   
 
Lake Bosumtwi microfossil data 
Two-hundred and seventeen sub-samples were extracted from the Lake Bosumtwi sediment core 
(BOS04-5B) and processed following standard palynological techniques, including treatment 
with hydroflouric acid and acetolysis (61). Pollen and vegetation spore concentrations were 
calculated using the exotic marker Lycopodium (62). Each sample was analyzed for 
pollen/spores, charcoal fragments and Sporormiella fungal spores, which are interpreted as 
indicators of vegetation change, fire activity, and mammalian herbivore density, respectively. 

Pollen and spore assemblages have long been accepted as indicative of past vegetation 
cover (63, 64), and the spatial extent of the vegetation cover represented by the pollen/spores 
within lake sediments is known to be proportional to the size of the lake (65). Applying these 
principles to Bosumtwi, which was formed by a meteorite impact and is consequently circular in 
shape, approximately 10.5 km diameter with steep sided walls and a flat bottom (55), it suggests 
that, although lake level fluctuations have occurred at Bosumtwi in the past (29, 66), the 
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diameter of the lake is unlikely to have varied greatly. Therefore, the source area of the 
microfossils entering the lake is likely to have remained relatively constant through time and the 
pollen/spore signal can be confidently interpreted as indicative of genuine changes in the 
proportion of vegetation cover in the landscape around the lake. The source area of pollen/spores 
for a lake of c. 10 km diameter is estimated to be >90% “regional”, i.e., from 100s meter distance 
from the lake (65). The major variation in the vegetation change within the Bosumwti 
pollen/spore assemblage (characterized by the first axis of the Detrended Correspondance 
Analysis [DCA], see below) is driven by the abundance of grass (Poaceae) pollen (29). For the 
majority of the last c. 500,000 years the abundance of Poaceae pollen is >40% indicative of open 
ecosystem (grassland savanna and wooded savanna) conditions similar to those found around 
250 kms to the north of the lake today (67). Therefore, although there are clear fluctuations in the 
proportion of woody cover throughout the last c. 500,000 years at Bosumtwi, we interpret the 
majority of the record before c. 9,000 years ago as indicative of vegetation cover more open than 
modern. In the last c. 9,000 years higher abundances of Hymenocardia, Alchornea and Arecaeae 
(including Elaeis guineensis/oil palm) make the assemblage distinct from any other seen in 
earlier periods in this record (28) likely related to human activity. Furthermore, we note that the 
new age vs. depth model presented here (see above) results in a shift in the timing of woody 
cover change inferred in previous publications (29) between 70,000 and 20,000 years ago; 
however, given the longer (c. 500,000 year) duration of the overall record we feel that this offset 
does not impact the main findings.  

Microscopic remains were counted at x40 and x100 magnification on a Nikon Eclipse 50i 
microscope, identifications were based on published pollen atlases (68-70) and reference 
collection at The Open University (UK). The DCA was calculated based on the percentage data 
from all pollen/spore taxa reaching > 2% of the terrestrial pollen sum in at least one sample (total 
43 taxa), with the first and main axis of variation found to relate closely to the degree of 
vegetation openness (abundance of Poaceae pollen); characteristic pollen taxa from savanna also 
include Amaranthaceae, Caryophyllaceae and Securinega, from deciduous woodland 
Combretaceae, Mimosa, and Lannea, and from tropical rainforest Alchornea, Arecaceae and 
Macaranga, Table S2 in (29). Pollen/spore data, and the DCA to characterize the maximum 
variation within the data set, were previously presented (28, 29); please see these publications for 
further details of the methodology. 

Charcoal fragments are produced by fire activity and their abundance within lake sediments 
is widely regarded to reflect the amount of biomass burned (71). Charcoal fragments are defined 
here as particles >10 µm that are present on slides following palynological preparation. Charcoal 
was identified following (72). Counting of charcoal was done for each of the 217 sub-samples 
analyses for pollen/spores using the same slides; therefore these data sets are directly 
comparable. Concentrations of charcoal were calculated relative to the exotic marker 
Lycopodium. Charcoal concentrations from between c. 500,000 and 9,000 year ago were 
exceptionally high in nearly every sample (204 sub-samples with mean 1,705,563 
fragments/cm3, maximum 2,523,504 fragments/cm3, minimum 1191 fragments/cm3), while 
during the period 9,000 years ago to modern concentrations they were much lower (13 sub-
samples with mean 22,621 fragments/cm3, maximum 85,795 fragments/cm3, minimum 0 
fragments/cm3). The vast majority of the charcoal fragments counted within the Bosumtwi 
sediments are interpreted as indicative of frequent burning of grass dominated, fire prone, 
vegetation around the lake because: (i) throughout most of the portion of the record where fire is 
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abundant Poaceae is the dominant pollen type (28), and (ii) within the charcoal fragments grass 
stomata are preserved (Fig. S2). The charcoal data has not been previously published. 

Sporormiella is a coprophilous fungus that grows on the dung of mammalian herbivores. 
The spores of Sporormiella preserved within lake sediments can be used to assess relative shifts 
in the density of mammalian herbivores within the landscape (73, 74). Sporormiella was 
identified following (75). Counting of Sporormiella was done in tandem with the pollen/spore 
counting; therefore these data sets are directly comparable. The abundance of Sporormiella was 
calculated as a proportion relative to the pollen sum, following (76). In the Bosumtwi sediments 
Sporormiella spore abundance is near continually present from c. 500,000 until c. 22,000 years 
ago (194 sub-samples with mean 0.03, maximum 0.37, and minimum 0.00 proportion of the 
pollen sum), whereas from c. 22,000 until c. 800 years ago Sporormiella spores occur 
infrequently at low abundances (20 sub-samples with mean 0.01, maximum 0.08, and minimum 
0.00 proportion of the pollen sum), while after c. 800 years ago Sporormiella abundance is 
highly variable (3 sub-samples in which proportions relative to the pollen sum were 0.00, 0.36, 
and 0.02); the high abundances during this period are likely due to the introduction of cattle to 
the area by people. Sporormiella spore abundances can vary in lake sediments dependent on the 
density of mammalian herbivores within the landscape and the proximity of the shore line (77). 
Given the bathymetry of Bosumtwi the shore line is likely to have remained a relatively constant 
distance from the core site throughout the duration of sediment accumulation. Therefore, we 
interpret the changes in the abundance of Sporormiella spores within the sediments as broadly 
indicative of the relative density of mammalian herbivores within the surrounding landscape. 
The Sporormiella data has not been previously published.  

The analytical uncertainty (95% confidence intervals) has been calculated for the entire 
pollen/spore data set (29), and a portion of the record for charcoal and Sporormiella (78). These 
analyses indicate that the major trends in the data are robust and therefore that comparison of 
trends identified between the records is valid. 
 
Nitrogen isotope data 
One-hundred and twenty-three sub-samples were extracted from the Lake Bosumtwi sediment 
core (BOS04-5B) and analyzed for 𝛿15N following standard techniques (79). The 𝛿15N is a proxy 
for moisture availability (29, 66, 79). The full methods and 𝛿15N data were previously published 
(29). In summary, sub-samples of around 0.6 g were extracted from the core and treated with 0.1 
M HCl for 24 hours, then 1 M HCl for 24 hours, and finally rinsed to neutrality with Milli-Q 
water. Sub-samples were then dried, homogenized and the 𝛿15N determined using a Thermo 
Flash HT element analyzer. Data are expressed following (80). The 𝛿15N values obtained from 
Bosumtwi have been interpreted to reflect changing lake level (29). Lower values are interpreted 
to indicate higher lake levels because a deeper, more stratified lake, enhances the contribution of 
cyanobacteria (𝛿15N value 0 ±2‰) relative to terrestrial plant (4.5-10.3‰) or aquatic plant 
(12.8‰) sources (66). The 𝛿15N were previously published in (29). 
 
Temperature and seasonality data  
Past temperature and seasonality data (seasonal difference in temperature) were extracted from a 
transient simulation of global climate performed with the GENIE-1 intermediate complexity 
Earth system (climate-carbon cycle) model (35). GENIE-1 provides the computational efficiency 
required to perform: (i) long (multiple glacial cycle) simulations, and (ii) large ensembles of 
simulations to quantify model uncertainty. The physical model comprises a 3-D frictional 
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geostrophic ocean with eddy-induced and isopycnal mixing coupled to a 2-D fixed wind-field 
Energy-Moisture Balance Model (EMBM) atmosphere and a dynamic and thermodynamic sea-
ice component (81). These are coupled to a minimum spatial model of vegetation carbon, soil 
carbon and soil water storage (82). The model setup and boundary conditions are described in 
detail in (35). In summary, changing atmospheric CO2 is prescribed from ice core records (83), 
while other greenhouse gases are neglected. Orbital forcing is from Berger (1978) (84). Transient 
Laurentide and Eurasian Ice Sheets are represented by interpolating the spatial distribution of 
Ice-4G (85) onto the benthic δ18O record (86). Outputs from the simulation were sub-divided into 
five latitudinal bands (33), of which the data from the low northern latitudinal band (0-23oN) are 
used here.  

The temporal variability within the model is based upon the high-quality chronologies 
established for the ice core CO2 record (83), benthic 𝛿18O (86), and orbital forcing (84). The 
temporal variability of the simulation outputs have been previously validated against Antarctic 
surface temperature and Atlantic sea surface temperature (35). We here use an existing ensemble 
of simulations over the last glacial cycle (33) to explore simulated temporal uncertainties. The 
ensemble uses an identical model setup and forcing to our base case analysis but applies 174 
parameter sets which are a subset of the 480-member ‘Last Glacial Maximum plausibility-
constrained’ parameter set (87). These parameter sets all exhibit plausible pre-industrial and Last 
Glacial Maximum climates and vegetation states, filtered by the additional constraint that they 
exhibit a collapse of Atlantic Meridional Overturning during glacial terminations (35). We 
extract the ensemble time series of warming over latitude band 0 to 23qN, which we plot in Fig 
S3: (a) in absolute terms, and (b) standardised to a mean of 0 and a standard deviation of 1 as 
appropriate for our structural equation modelling. The signal is highly robust with respect to 
modelling uncertainties, with individual simulations exhibiting a mean R2 of 99% with respect to 
the ensemble mean. 
 
Atmospheric CO2 data 
Past atmospheric CO2 data were derived from published Antarctic ice core records (83), and 
were embedded within the GENIE-1 model as a transient boundary condition (35).  
 
Structural equation modelling 
Structural equation modelling (SEM) is used to understand causal relationships in systems by 
evaluating the statistical fit between expectation based on theory and empirical data. We choose 
SEM because it has proven insightful for testing hypotheses of causal interactions in ecological 
systems (88), and because we sought to evaluate direct and indirect relationships among 
variables which could translate into general theory relating to the drivers of tropical vegetation. 
The focus on causal relationships by analysing direct and indirect relationships is one aspect that 
sets SEM apart from other multivariate methods. For example, SEM provides a way to evaluate 
the direct effect of fires on vegetation after controlling for the joint effects of environmental 
drivers on fire and vegetation. 

At the core of our SEM analysis is an a priori conceptual model which describes, 
schematically, how our six drivers may interact to determine vegetation (Fig. 2A; Table S1). 
Arrows in the diagram represent direct causal influences of one variable on another, including 
specifying the directionality (i.e., positive or negative), but not the shape (e.g., degree of 
linearity) of the relationship. The conceptual model is based on our current understanding of 
determinants for tropical vegetation (e.g. (25-27, 31)). As SEM allows both the direct and 
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indirect effects of predictor variables to be tested, we included in our model the direct and 
indirect of effect of rainfall on woody cover (following the discussion, see e.g. (27)) by using fire 
as response variable. We fitted the measured variables to the SEM. While we acknowledge the 
potential for non-linear effects in vegetation (e.g., (89)) our approach was to seek a simple, 
multivariate model based on linear relationships, to assess the relative importance of drivers. 

Prior to running the SEM three data transformations were performed. First, we multiplied 
the 𝛿15N data with -1 as low values for 𝛿15N represent high moisture availability. After 
multiplication, low values mean low moisture values. Second, we transformed Sporormiella to 
the power 0.3 and charcoal to the power 0.2 to reduce the effect of a few samples with large 
values and to approximate a normal distribution. Third, we scaled all the predictors to a mean of 
0 and standard deviation of 1. The next step in the modelling process was to create a SEM which 
included all possible effects of the predictors on fire occurrence and woody cover plus the direct 
effect of fire occurrence on woody cover. We used the ‘sem’ function from the R package 
‘lavaan’ (90). The final model was estimated with the MLM procedures computing a Satorra-
Bentler scaled (mean adjusted) test to obtain χ2 values based on expected versus observed 
covariance matrices, which are standard goodness-of-fit measures in SEM. The Satorra–Bentler 
scaled χ2 test is robust to nonnormality (especially for the variable woody cover). The resulting 
path coefficients from a predictor to a response variable depict the standardized relative effect on 
the response variable.  

Besides the hypothesized direct and indirect relationships (Fig. 2A), we also added 
correlations between the measured variables: temperature ~~ CO2, temperature ~~ seasonality, 
temperature ~~ moisture, and fire ~~ CO2. The correlational relationships between the variables 
are given in Table S1. In Figure S5, Spearman rank correlations are given for all pairs of 
variables in our SEM for the data set of c. 500,000 years. The correlation between temperature 
and CO2 is very strong as it is prescribed a boundary condition within the GENIE model set up 
(see above and (35)). Therefore, we did not test the effect of CO2 on temperature, but corrected 
for its strong correlation in the SEM.  

For the data set of c. 150,000 years, the SEM from Fig. 2B converged successfully after 40 
iterations, and the data showed a very close fit to the model according to goodness of fit statistics 
(robust model: χ2 = 5.885, df = 7, P = 0.553, n = 114). The relationships of the model are 
depicted in Figure S4. For the data set of c. 500,000 years, the data also converged successfully 
to the same model from Fig. 2C after 35 iterations (robust model: χ2 = 4.161, df = 7, P = 0.761, n 
= 214). The distributions of the parameter estimates of the 1000 iterations for the data set of c. 
500,000 years are presented in Fig. 3. For the 1000 iterations based on the data set of c. 150,000 
years, the distribution of the parameter estimates are given in Fig. S6. Both sets of distributions 
show similar patterns with the most important variables moisture availability and fire not 
including zero in their distributions of the parameter estimates. We further explored our results 
by testing different models using SEM. First, we excluded temperature (and also the correlation 
between temperature ~~ CO2) to test whether the presence of temperature would biasing the 
effect of CO2. However, we could not fit the model to the data (for the c. 500,000-years dataset, 
χ2 = 440.911, df = 9, P < 0.001, n = 214). Excluding CO2 gave us a model that fitted the data (χ2 
= 1.263, df = 4, P = 0.868, n = 214) with a significant positive effect of temperature on woody 
cover (standardized parameter estimate = 0.166 ± 0.054 SE, P = 0.002). Running the model with 
only CO2, temperature and/or temperature seasonality also did not result in models that fitted the 
data (P < 0.05). Finally, we tested the relationships between the drivers and woody cover using 
multiple regression, which allowed us to check whether temporal autocorrelation could have an 
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effect on the outcomes. Multiple regressions based on the c. 500,000-year dataset were done 
using either temperature or CO2, given the high VIF values when combining them in the same 
model. We only found a significant relationship between CO2 and woody cover in the presence 
of moisture availability and absence of temperature, but the standardised parameter estimate for 
CO2 (0.153) was smaller than the one for moisture availability (0.414) using the c. 500,000 years 
dataset, similar results that we found with the SEM. The comparison between the linear 
regression model (using ‘lm’ in R) and the generalized least squares regression (using ‘gls’ in the 
R-package ‘nlme’) with first order auto-regressive (AR1) structure showed that the first had a 
better fit than the latter (based the AIC using ‘model.sel’ of the R-package ‘MuMIn’). We 
concluded that temporal autocorrelation was not biasing our analyses. The results were 
qualitatively similar for the c. 150,000-years dataset. 
 
CO2 and other records of past vegetation change from Africa  
In addition to Bosumtwi four records of past vegetation change exist from terrestrial locations in 
Africa that provide multi-millennial timeseries of past vegetation change on the glacial-
interglacial (>100,000 year) timescales over which high magnitude (c. 100 ppm) fluctuations in 
atmospheric CO2 are known to occur (83). The longest records come from the eastern African 
rift valley: (i) Lake Magadi (drill core HSPDP-MAG14-2A; 1o 51’ S, 36o 16’ E) yielded a c. 
992,000 year record, and is today surrounded by semi-desert grassland and shrubland, with 
Acacia-Commiphora deciduous bush at higher elevations vegetation (40, 41), and (ii) Lake 
Malawi (drill cores MAL05-1B and MAL05-1C; 11o 18’ S, 34o 26’ E) yielded a c. 636,000 year 
record, and is today surrounded predominantly by miombo woodland, with Afromontane forest 
at higher elevation and tropical seasonal forest along some waterways (42). Two shorter records 
that cover a significant portion of the last glacial-interglacial cycle come from Vankervelsvlei in 
southern Africa (drill core VVV10.1; 34o 0.7’ S, 22o 54.2’ E) which is today surrounded by 
Fynbos vegetation (44, 91), and Lake Bambili in central Africa (6o 0’ 19.56” N, 10o 15’ 46.14” 
E) which is today surrounded by montane forest (45, 92). If global CO2 were driving woody 
cover change across Africa we would anticipate a uniform trend in increasing woody cover 
(decreasing abundance of grass) across these sites to be evident, and for these trends to be 
coincident with variation in global atmospheric CO2. To gain a first order approximation of these 
relationships we have replotted previously published, and openly available, pollen (vegetation) 
data from the four sites (Fig. S7) that is used as proxy for grass abundance, and compare them to 
each other, Bosumtwi and global atmospheric CO2 through a correlation analysis (Fig. S8); for 
the correlation analysis all records were resampled relative to the CO2 record. Our analysis 
reveals no consistent trend between the different sites, or with atmospheric CO2. The absence of 
any consistent pattern suggests that regionally specific factors, such as precipitation patterns, fire 
regimes or herbivore densities, are likely of greater importance to determining vegetation at these 
sites over long timescales than the fertilisation effect of atmospheric CO2. 
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Figures 
 

 
 
Fig. S1. Age-depth model generated by Bacon for Lake Bosumtwi. Lines show 2x standard 
deviation uncertainty ranges for radiocarbon (blue), optically stimulated luminescnce  (green), 
uranium-thorium (red) and the impact (orange) age.  Dashed red line is the weighted mean age, 
the grey shading indicates the density of Bacon-derived age models. Depths are in meters below 
lake floor (mblf) on the standardized age model for core 5B (53).  
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Fig. S2. Examples of grass micro-charcoal fragments from Lake Bosumtwi (sub-sample 21H1-
45cm). Identification based on comparison with images contained in (93). 
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Fig. S3.  Surface air temperature anomaly of an ensemble of simulations over the last glacial 
cycle performed in the GENIE-1 model (33). Data are averaged over latitude band 0 to 23qN: (a) 
absolute anomalies, and (b) standardised anomalies with regard to preindustrial conditions. 
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Fig. S4. The tested relationships of the scaled variables in the structural equation model based on 
the c. 500,000-year data set (shown in Fig. 2C and Table S1, along with parameter estimates and 
statistical significance). 
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Fig. S5. Spearman rank correlations between the measured variables in the structural equation 
model based on the c. 500,000-year data set (Fig. 2C). 
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Fig. S6. Distributions of the standardized estimates for the predictor variables in the structural 
equation models (SEMs) for the c. 150,000-year interval for Bosumtwi (Fig. 2B). The SEMs 
were run against 1000 possible alternative versions of the chronology to explore for possible bias 
due to chronological uncertainty. The predictor variables are shown per response variable (fire 
and woody cover). The most important drivers of woody cover are moisture availability and fire. 
The statistics are reported in Table S1. 
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Fig. S7. Vegetation change from terrestrial records across Africa relative to global CO2 change. 
(A) Carbon dioxide (83). Percentage abundance of Poaceae (grass) pollen relative to the total 
pollen sums (organized latitudinally north to south) from: (B) Lake Bosumtwi (60), (C) Lake 
Bambili (45, 92), (D) Lake Magadi (40), (E) Lake Malawi (42), and (F) Vankervelsvlei (44, 91). 
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Fig. S8.  Spearman rank correlations between pollen (vegetation) data from five sites (used as 
proxy for grass abundance, Fig. S7) and atmospheric CO2. The question mark indicates that there 
is no overlap in data from the two sites Malawi and Bambili. 
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Table S1. 
Results from the structural equation models based on the c. 150,000 years and c. 500,000 years 
data. For every model, the standardised parameter estimates (Est), standard error of the estimate 
(SE) and P-value of the predictors, and the correlational relationships between the predictor 
variables (~~) are given. Also the sample size N, the degrees of freedom df, the test statistic χ2, 
the P-value of the model and the R2 of the response variables are given. 
 

 c. 150,000 years data c. 500,000 years data 
 Est SE P Est SE P 
Fire ~       
Moisture -0.274  0.080 0.001 -0.159 0.063 0.012 
Seasonality 0.046 0.084 0.580 0.008 0.063 0.898 
Temperature -0.178 0.097 0.068 -0.182 0.076 0.016 
Herbivores 0.200 0.074 0.007 -0.010 0.067 0.877 
Woody cover ~       
Fire -0.419 0.075 <0.001 -0.216 0.056 <0.001 
Moisture 0.423 0.061 <0.001 0.406 0.054 <0.001 
Herbivores 0.196 0.058 0.001 0.071 0.052 0.177 
Seasonality -0.159 0.089 0.074 -0.192 0.071 0.006 
Temperature 0.319 0.241 0.185 0.157 0.141 0.265 
CO2 -0.163 0.242 0.500 0.010 0.137 0.942 
Temperature ~~ CO2 0.948 0.083 <0.001 0.912 0.059 <0.001 
Temperature ~~ Seasonality -0.173 0.028 <0.001 -0.196 0.030 <0.001 
Temperature ~~ Moisture 0.057 0.023 0.015 0.053 0.027 0.053 
Fire ~~ CO2 -0.066 0.019 0.001 -0.019 0.025 0.453 
N 114 214 
df 7 

5.885 
0.553 
0.152 
0.564 

7 
4.161 
0.761 
0.063 
0.344 

χ2 
P-value 
R2 Fire 
R2 Woody cover 
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