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Summary 40 

1. How woody floras have evolved to cope with seasonal drought is still poorly known, 41 

especially in tropical Africa, which experiences a drier and more seasonal climate compared 42 

to other tropical regions.  43 

2. Here, we characterized the phylogenetic and climatic distribution of three key traits 44 

associated with desiccation avoidance or tolerance, focusing on self-supporting woody species 45 

of tropical African forests and savannas. We assembled a large database with newly compiled 46 

data on species leaf habit (evergreen vs deciduous, 1,255 species) and maximum height (1,281 47 

species), along with new data on oven-dry wood density (1,363 species), climatic niche, and 48 

phylogenetic relatedness. Bayesian phylogenetic mixed models were used to assess the 49 

phylogenetic signal in niches and trait attributes, to explore individual trait responses to 50 

climate and to investigate trait covariations, both in general and for each characterisation of 51 

the climatic niche. To date, this study represents the first quantitative assessment of the 52 

phylogenetic signal in the species leaf habit for the woody flora of tropical Africa, though 53 

drought deciduousness is widespread in seasonal forests and savannas. 54 

3. We identified a strong phylogenetic signal, notably for species biome affinity and leaf habit, 55 

but also major evolutionary changes. Relying solely on climate was found to be ineffective for 56 

predicting species wood density and insufficient for accurately predicting species leaf habit or 57 

maximum height. Among forests, the effect of climate on leaf habit became evident when 58 

considering covariations with maximum height or wood density. Small understory species are 59 

more likely to be evergreen with dense wood, while canopy species are more likely to be 60 

deciduous with light wood. This general pattern varies with climate as both evergreen and 61 

deciduous species coexist in the canopy of the wettest sites. 62 



   
 

   
 

4. Synthesis. This study provides first insights into how phylogenetic constraints and climate 63 

have shaped species traits related to drought strategies for the woody flora of tropical Africa. 64 

It pioneers the modelling of leaf habit in relation to maximum tree height and wood density, 65 

considering numerous species and their phylogenetic relationships.  66 

Keywords 67 

Adaptation, Africa, Climatic niche, Deciduous, Evergreen, Phylogenetic signal, Traits, Tropical 68 

biomes. 69 



   
 

   
 

Introduction 70 

The increase in extreme climatic events, such as droughts and heat waves, induces serious 71 

tree mortality around the world (Hartmann et al., 2022) and is expected to worsen 72 

dramatically in the coming decades (Thiery et al., 2021). Predicting how trees will respond to 73 

these changes is crucial and requires an understanding of the functional processes governing 74 

species drought vulnerability (Brodribb et al., 2020). In recent decades, efforts have been 75 

made to improve our knowledge of the drought-related strategies for tropical trees, but the 76 

lack of data in Africa is alarming (Oliveira et al., 2019). There is an urgent need to focus on 77 

African forests and savannas, which together cover around 10% of the world's land area and 78 

are characterized by drier and more seasonal climates than other tropical regions (Silva de 79 

Miranda et al., 2022).  80 

Deciduousness provides a clear advantage in seasonally dry environments. It halts 81 

transpiration and prevents xylem embolism, reducing the risk of hydraulic failure (McDowell 82 

et al., 2008)—a major cause of tropical tree mortality (Rowland et al., 2015). Deciduousness 83 

is likely a crucial desiccation avoidance strategy for many tropical tree species (Oliveira et al., 84 

2021). In central Africa, the percentage of deciduous trees in forest plots has been shown to 85 

increase with the severity of the dry season (Ouédraogo et al., 2016). A marked gradient in 86 

deciduousness has long been recognized between wet evergreen forests in Gabon and the 87 

vast area covered by semi-deciduous forests further inland (Aubréville, 1968; White, 1979). A 88 

recent analysis of commercial forest inventories across the region confirmed this spatial 89 

pattern and estimated the percentage of deciduous trees to vary between 10% in wet 90 

evergreen forests to approximately 60% in the drier and more seasonal forests (Réjou-91 

Méchain et al., 2021). The relationship between forest deciduousness and climate can 92 



   
 

   
 

however be altered by soil fertility (Oliveira et al., 2021; Ouédraogo et al., 2016), as nutrient-93 

poor soils favour species with long-lived leaves, minimizing nutrient costs and outcompeting 94 

deciduous species in short growing periods (Aerts, 1995). In African savannas, which are found 95 

under drier and more seasonal climates than forests (Aleman et al., 2020), the deciduous leaf 96 

habit dominates, as separately reported for the Sudanian (de Bie et al., 1998; Seghieri et al., 97 

2012) and the Zambezian (Chidumayo & Gumbo, 2010) regions. 98 

Under similar climatic and soil conditions, deciduous species are likely to adopt a more 99 

acquisitive strategy than evergreen species (Markesteijn & Poorter, 2009; Oliveira et al., 2021 100 

and references therein). The loss of leaves indeed results in a loss of energy, as photosynthesis 101 

is interrupted, and to compensate, deciduous species must exhibit hydraulic and 102 

photosynthetic efficiency during a shorter growing season. Acquisitive strategy has been 103 

related to lower wood density (Reich, 2014; Wright et al., 2010) and increased xylem 104 

susceptibility to embolism (Oliveira et al., 2021). However, the impact of increased embolism 105 

sensitivity on the fitness of deciduous species could be minimal, given their ability to avoid 106 

critical drops in water potential by shedding their leaves during the dry season. In contrast, to 107 

tolerate seasonal drought, evergreen species should adopt a more conservative strategy, 108 

allocating their resources to denser, more embolism-resistant sapwood tissues (Choat et al., 109 

2005; Hacke et al., 2001; Oliveira et al., 2021). Wood density can therefore be considered as 110 

important trait in tree drought research, and is studied globally (Chave et al. 2009), including 111 

in Africa (Maniatis et al., 2011). Yet conflicting evidence for tropical trees exists regarding its 112 

relationship with climate. Some studies report an increase in wood density with decreasing 113 

rainfall (e.g. Fayolle et al., 2016; Ibanez et al., 2017), while the opposite (e.g. Barbosa & 114 

Fearnside, 2004; Maharjan et al., 2011) and no trend have also been reported, the latter 115 



   
 

   
 

referring to other determinants of wood density such as soils (Gourlet-Fleury et al., 2011) and 116 

disturbance (Réjou-Méchain et al., 2021). 117 

The investment by deciduous species in lighter wood with potentially wider vessels may 118 

enable them to attain greater heights (Fajardo, 2022, 2022; Liu et al., 2015; Olson et al., 2018) 119 

compared to evergreen species, which should prioritize denser tissues resulting in an increase 120 

in hydraulic resistance that may physically limit height (Koch et al., 2004). This contrast 121 

between tall deciduous and small evergreen species has already been reported in moist 122 

forests of central Africa where tall canopy species are typically deciduous and coexist with 123 

small evergreen understory species (Loubota Panzou et al., 2018). The advantage of a taller 124 

stature is evident in forest environments where individuals compete for light (Kitajima & 125 

Poorter, 2010) and in savannas where height growth allows for escaping crown damage 126 

resulting from browsing and low-intensity fires (i.e. the escape height, Dantas & Pausas, 2013). 127 

Concerning small species, they evolved toward other traits in forests, such as producing tough, 128 

well-protected leaves, increasing lifetime carbon gain while limiting self-shading to tolerate 129 

shade in understory (Kitajima & Poorter, 2010; Sterck et al., 2006); and in savannas, they 130 

developed thorns or shrubby forms to prevent browsing or have invested in thick bark to 131 

survive fires (Charles-Dominique et al., 2016). 132 

In addition to varying with environmental conditions, traits often display a high phylogenetic 133 

signal, indicating that phylogenetically related species tend to share similar attributes and 134 

occupy similar environments (Blomberg & Garland, 2002). This signal emerges when traits 135 

have evolved only gradually through small changes driven by genetic drift and fluctuating 136 

directional selection, or in response to weak selective pressure (Losos, 2008). In contrast, a 137 

weak phylogenetic signal is expected in traits that have undergone rapid evolutionary changes 138 



   
 

   
 

in response to environmental pressures or other forms of selection, or in traits prone to high 139 

phenotypic plasticity or measurement errors (Housworth et al., 2004). Certain traits, like 140 

phenology, show a high phylogenetic signal, as observed for flowering in the northern 141 

hemisphere (Davies et al., 2013) and in Panama (Wright & Calderon, 1995) but this pattern 142 

remains untested for the African flora. In any case, accounting for phylogeny is crucial when 143 

modelling the environmental response of species traits and strategies, as it addresses the 144 

statistical dependence among species resulting from their shared evolutionary history (Davies 145 

et al., 2013). 146 

In this study, we aimed to characterize the phylogenetic and climatic distribution of three key 147 

traits associated with two dominant ecological strategies to cope with drought: desiccation 148 

avoidance and tolerance. Traits include leaf habit (deciduous vs. evergreen), maximum height, 149 

and wood density. Based on existing information on species climatic niche (defined here as 150 

the potential niche according to Guisan et al. (2014)) and biome affinity (Gorel et al., 2022), 151 

on phylogenetic relatedness (Janssens et al., 2020), and on an extensive compilation of traits, 152 

we specifically addressed the following research questions. (1) What is the strength of the 153 

phylogenetic signal in climatic niches and traits? (2) How do traits vary across climates? (3) To 154 

what extent is the response of leaf habit to dry and seasonal climatic conditions influenced by 155 

species stature and wood density? We hypothesised that the probability of a species being 156 

deciduous increases with climatic water deficit (i.e. the water lost by the environment during 157 

dry months), given the significant advantages of this strategy in drier environments to avoid 158 

run-away xylem embolism. Furthermore, within the same climate, we hypothesise that 159 

species probability to be deciduous increases with maximum tree height and inversely with 160 

wood density. Deciduous species, which avoid drought, are expected to invest in lighter wood 161 

and to reach greater heights (Fajardo, 2022). In contrast, evergreen species invest in denser 162 



   
 

   
 

wood with expected higher tolerance to embolism formation, increased hydraulic resistance 163 

and maximum height limitation. 164 

Materials and methods 165 

Climatic niche 166 

In a previous study, 3,136 self-supporting (i.e. excluding climbers) woody species from tropical 167 

Africa were previously assigned to two broad groups corresponding to the forest and the 168 

savanna biomes and six phytoclimatic groups when describing their climatic niches at a finer 169 

resolution (Gorel et al., 2022). These groups were delineated based on species niche similarity. 170 

The niches were modelled using the methods described in Broennimann et al. (2012), using 171 

published occurrence data from the RAINBIO database (Dauby et al., 2016), complemented 172 

with tree species lists in forest (Fayolle et al., 2014) and savanna (Fayolle et al., 2019) sites, 173 

along with climatic spatial data (CMCC-BioClimInd data set, Noce et al., 2020). Species were 174 

then grouped according to their niche similarity using a hierarchical clustering approach with 175 

Ward's algorithm. We re-analysed this dataset to distinguish, in addition to species 176 

characteristic of a given biome or phytoclimatic group, generalist species whose distribution 177 

covers both biomes (Aleman et al., 2020) and forest generalist or savanna generalist species 178 

whose distribution covers all forest or savanna phytoclimatic groups. This led us to recognize 179 

three species groups according to the biome affinity and eight phytoclimatic groups These 180 

groups are differentially exposed to dry and seasonal climatic conditions according to the 181 

Climatic Water Deficit index (CWD, Fig. 1), which quantifies the environmental water loss 182 

during dry months (defined as months where evapotranspiration exceeds rainfall) by summing 183 

the positive differences between monthly potential evapotranspiration and precipitation over 184 

one year. Potential evapotranspiration was derived from monthly minimum and maximum 185 



   
 

   
 

temperatures (Droogers & Allen, 2002). Temperature data were from WorldClim  (Hijmans et 186 

al., 2005), and precipitation from CHIRPS, which is calibrated with ground station data and 187 

offers higher precision (Deblauwe et al., 2016). Of the initial phytoclimatic groups assigned by 188 

Gorel et al. (2022), we removed species assigned to the coastal group. The vegetation of this 189 

coastal group forms a forest-savanna mosaic driven by complex topography. In the absence 190 

of clear hypotheses on climatic adaptation for this group, we have excluded it from our study, 191 

and, hence, considered 2,839 species assigned to biomes, phytoclimatic groups, and generalist 192 

categories. 193 

 194 

Figure 1 (a) Dominance across tropical Africa of biomes and phytoclimatic groups delineated in Gorel et al. (2022). Based on 195 

the pairwise niche similarity, the woody species (including trees and shrubs) were categorized into two broad groups, which 196 

represent the species biome affinity, with the forest-associated species (green colours) and the savanna-associated species 197 

(orange and red colours), as well as a generalist group corresponding to species covering both biomes (the generalist group 198 

is not represented in the map). The biomes were further divided into phytoclimatic groups: four forest groups ("wet forest" 199 

in dark green, "moist forest" in pale green, "dry forest" in yellow green and a forest generalist group), and three savanna 200 

subgroups ("cold savanna" in orange, "hot savanna" in red and a savanna generalist group). Solid colours represent areas 201 

where more than 50% of the species present in the pixel are assigned to the corresponding group. Pixels with partial 202 

transparency represent areas where more than 25%, but less than 50%, of the species present in the pixel are assigned to the 203 



   
 

   
 

phytoclimatic group. The generalist group at biome level was also included in the phytoclimatic groups. Climatic Water Deficit 204 

experienced by the woody species assigned to (b) biomes and to (c) phytoclimatic groups. Boxes denote median values and 205 

the 25th to 75th percentiles; vertical lines outside of boxes represent the 10th and 90th percentiles. The number of species 206 

assigned to each biome, phytoclimatic group and generalist category is indicated within the boxplots. Note that some zero 207 

values in Climatic Water Deficit for savanna occurrences may result from mispositioned data due to coarse resolution. 208 

 209 

Traits 210 

For the tropical woody flora of Africa, we compiled trait attributes at the species level for leaf 211 

habit (n=1,255 species), and maximum height (n=1,281 species) using previously published 212 

database, original studies, and flora (the list of data sources is provided in the Data sources 213 

section). For species both defined as evergreen and deciduous, the deciduous leaf habit was 214 

systematically retained as it expresses the ability of the species for leaf shedding, even barely. 215 

When multiple measures for maximum height and wood density were available, mean values 216 

were computed. Oven-dry wood density values (i.e., oven-dry mass over oven-dry volume) 217 

from xylarium samples were provided by the Service of Wood Biology of the AfricaMuseum in 218 

Tervuren, Belgium (n=1,363 species). The global wood density database compiling basic 219 

density values (Zanne et al. 2009) was not retained here because it contained less information 220 

for tropical Africa. The two databases were not merged due to differences in values between 221 

the basic wood density, measured as oven dry mass to green volume, and the oven-dry wood 222 

density (Vieilledent et al., 2018), despite their expected similar response to environment. The 223 

taxonomic names follow the standards of the Tropicos database, created by the Missouri 224 

Botanical Garden. The R package TNRS was used to resolve plant taxonomic names. In all 225 

datasets, we exclusively included self-supporting species, such as trees and shrubs, while 226 

excluding climbers. As a result, the trait dataset consisted of 1,252 species for leaf habit, 1,275 227 

species for maximum height, and 1,253 species for wood density. 228 



   
 

   
 

Phylogeny 229 

We used a genus-level dated Angiosperm phylogeny (8,394 genera) developed from the 230 

species-level phylogeny (36,106 species) of Janssens et al. (2020). We did not consider the 231 

intra-genus level because the original phylogeny is based on plastid markers which can induce 232 

false topologies within many genera due to chloroplast captures (e.g. Boom et al., 2021 for 233 

Brachystegia and references therein). The phylogeny recognizes some Vachellia and Senegalia 234 

species but has not revised the taxonomy for all the African species previously named Acacia, 235 

especially those we studied. Therefore, we have updated the phylogeny to reflect the 236 

reclassification into Vachellia or Senegalia, as proposed by Kyalangalilwa et al. (2013). 237 

The distribution of biomes and trait attributes across the phylogeny was investigated. The 238 

number of species and genera examined varied based on the alignment of traits, biomes, and 239 

phylogeny (Table 1). For example, out of the initial dataset of 2,839 species assigned to biomes 240 

or phytoclimatic groups, 2,630 species were represented by genera included in the phylogeny. 241 

The 499 species included in the phylogeny, with information on biomes (or phytoclimatic 242 

groups) and for the three traits, are presented in Fig. 2. For each trait, the values for all species 243 

with data are presented alongside the phylogeny in Appendix 1 in SI. An overview figure 244 

showing how the whole data are distributed across the phylogeny is also included in Appendix 245 

1. The number of species considered for each trait in each biome or phytoclimatic group is 246 

provided in Fig. 3, along with the data distribution. This includes the proportion of deciduous 247 

vs. evergreen species, as well as the distribution of wood density and maximum height 248 

attributes. 249 

Statistical analysis 250 



   
 

   
 

We constructed three sets of Bayesian phylogenetic mixed models (“MCMCglmm” R package, 251 

version 2.34, Hadfield, 2010), each set addressing one of our research questions. In the first 252 

set (Table 1, M1 to M5), we structured the models to evaluate the phylogenetic and non-253 

phylogenetic variances in the species climatic niche and trait, individually. The second set (M6 254 

to M11) aimed to assess the relationships between the species traits and the climatic niche 255 

(i.e., the trait response to climate). In the third set (M12 to M20), we explored the overall trait 256 

covariations, and the trait covariations within climatic niches. 257 

In the first model set (M1 to M5), the species climatic niches (biomes or phytoclimatic groups) 258 

and the traits (leaf habit, maximum height, and wood density) were individually modelled 259 

including only random effects, i.e., the genus-level phylogeny and the genus identity. 260 

Following the method outlined in Sanchez-Martinez et al. (2020), these models allowed the 261 

variance to be partitioned into three components: (1) the phylogenetic variance, quantifying 262 

the proportion of variance in the niche/trait attributes explained by phylogenetic relationships 263 

among genera; (2) the non-phylogenetic intergeneric variance, quantifying the proportion of 264 

variance not explained by the phylogenetic relationships between genera; (3) the intrageneric 265 

variance which corresponds to the residual variance of the models, quantifying the proportion 266 

of variance caused by intra-genus variability in trait. The phylogenetic variance gives a 267 

measure of the phylogenetic signal, also called the “phylogenetic heritability” following 268 

Housworth et al. (2004). The non-phylogenetic and intrageneric variances could result from 269 

rapid evolutionary changes in response to the environment or other forms of selection, “the 270 

nonheritable component” of Housworth et al. (2004). Preliminary analyses, including 271 

simulations of Brownian evolution and randomization of trait attributes (Appendix 2 in SI), as 272 

well as classical assessments of phylogenetic signal using phylogenetic distograms (Hardy & 273 

Pavoine, 2012) and phylogenetic signal statistics (Münkemüller et al., 2012; results not 274 



   
 

   
 

shown), were conducted to validate the consistency of variance partitioning and our 275 

interpretation of the results. 276 

In the second model set (M6 to M11), each trait (leaf habit, maximum height, and wood 277 

density) was individually modelled in response to biome (or phytoclimatic group) as fixed 278 

effect. The genus-level phylogeny and genus identity were included as random effects. We 279 

analysed model coefficients and performed pairwise tests of factor contrasts using the 280 

"emmeans" R package (Lenth et al., 2021). We quantified the marginal variance (R²m), 281 

representing the part of variance explained by fixed effects (Nakagawa & Schielzeth, 2013), as 282 

well as the remaining proportion of phylogenetic, non-phylogenetic and intergeneric 283 

variances. 284 

In the last model set (M12 to M20), we explored the pairwise covariations between traits. 285 

Specifically, leaf habit was modelled in response to maximum height (M12) or oven-dry wood 286 

density (M15). Then, we expanded these models by introducing the climatic niches (biomes 287 

or phytoclimatic groups) and its interaction with maximum height (M13 and M14) or wood 288 

density (M16 and M17) as fixed effects. We also examined how maximum height was related 289 

to oven-dry wood density (M18 to M20). All these models had the same random structure as 290 

the previous models, including two random effects: phylogeny at the genus level and genus 291 

identity. The marginal, phylogenetic, non-phylogenetic and intergeneric variance were also 292 

quantified. 293 

Biomes and phytoclimatic groups were modelled as ordinal variables, ordered by increasing 294 

Climatic Water Deficit (using the median; Fig. 1). Leaf habit was modelled as a categorical 295 

variable. Log-transformed maximum height and wood density were modelled as continuous 296 

variables with a Gaussian distribution. We ran the MCMC algorithm for 400,000 iterations with 297 



   
 

   
 

a burn-in of 200,000 and collected every 200 sample to thin the chain. In addition, to ensure 298 

that we used a sufficient number of iterations, we calibrated a complex model (M14) with 6 299 

million iterations (burn-in = 2 million, thin = 4,000). We found virtually no difference in the 300 

results and the variance partition compared with the model calibrated with 400,000 iterations. 301 

For each model, the number of species (and corresponding genera) used for calibration is 302 

presented (Table 1) and corresponds to those species that have values for the climatic niche 303 

and/or trait considered and whose genus is included in the phylogeny. 304 

Results305 



   
 

   
 

Table 1. Variance partitioning for the models tested. All models consider phylogeny at the genus level and genus identity as random effects. The percentages of mean variance, and the lower and 306 

upper 95% confidence intervals (in square brackets) are shown, as well as the number of species and genera used to calibrate the models. The number of species and genera examined varied 307 

depending on the alignment of climatic niches, traits and phylogeny.  The marginal variance is the variance explained by fixed effects. Abbreviations corresponds to phytoclim: phytoclimatic groups, 308 

WD: oven-dry wood density, and hmax: maximum height. 309 

Model set Model Variable to explain  
and fixed effects 

Species (n) Genus (n) Phylogenetic variance (%)  Non-phylo. intergeneric 
variance (%) 

Intrageneric 
variance (%) 

Marginal 
variance (%) 

1. Phylo. and 
non-

phylogenetic 
components 

M1 biomes ~ 1 2630 627 67.51 [48.73 : 84.58] 17.91 [1.81 : 32.33] 14.57 [10.15 : 19.17] - 

M2 phytoclim ~ 1 2630 627 50.75 [34.57 : 65.82] 17.5 [4.84 : 29.03] 31.75 [26.19 : 37.8] - 

M3 leaf_habit ~ 1 1159 478 70.66 [43.53 : 93.04] 19.82 [0.03 : 44.64] 9.52 [5.47 : 14.01] - 

M4 Log(hmax) ~ 1 1195 469 56.15 [43.32 : 68.03] 6.43 [0.43 : 14.77] 37.42 [30.52 : 43.9] - 

M5 WD ~ 1 1160 462 50.96 [38.36 : 63.95] 17.23 [8.98 : 27.72] 31.81 [26.6 : 37.75] - 

2. Traits 
response to 

climate 
 

M6 leaf_habit ~ biomes 870 375 73.77 [49.37 : 90.06] 8.08 [0.02 : 28.82] 9.75 [5.3 : 14.27] 8.4 [3.23 : 13.97] 

M7 leaf_habit ~ phytoclim 870 375 66.08 [43.03 : 85.85] 10.13 [0.02 : 30.52] 8.33 [4.84 : 12.52] 15.46 [8.41 : 23.16] 

M8 Log(hmax) ~ biomes 947 385 46.02 [32.54 : 56.49] 4.39 [0.31 : 11.15] 39.37 [32.38 : 46.72] 10.22 [6.95 : 13.93] 

M9 Log(hmax) ~ phytoclim 947 385 46.28 [33.59 : 57.94] 4.09 [0.38 : 10.52] 38.58 [31.49 : 45.87] 11.05 [7.75 : 14.71] 

M10 WD ~ biomes 872 370 46 [32.26 : 62.36] 21.77 [9.86 : 32.98] 32.04 [26.24 : 38.15] 0.2 [0 : 0.6] 

M11 WD ~ phytoclim 872 370 45.75 [31.53 : 61.51] 21.15 [9.54 : 32.33] 32.32 [25.77 : 38.66] 0.78 [0.13 : 1.49] 

3. Trait 
covariations 

M12 leaf_habit ~ hmax 875 389 67.96 [34.42 : 93.96] 21.23 [0.02 : 51.17] 9.63 [5.49 : 15.01] 1.18 [0 : 3.17] 

M13 leaf_habit ~ biomes + biomes:hmax 715 334 52.22 [22.34 : 74.79] 11.04 [0.02 : 34.13] 12.88 [7.18 : 18.62] 23.86 [13.19 : 35.22] 

M14 leaf_habit ~ phytoclim + phytoclim:hmax 715 334 41.46 [17.73 : 64.1] 6.88 [0.02 : 24.32] 10.55 [6.19 : 15.25] 41.11 [27.42 : 55.72] 

M15 leaf_habit ~ WD 646 327 69.93 [45.94 : 88.89] 7.88 [0.03 : 29.74] 16.45 [8.75 : 25.36] 5.74 [0.51 : 11.71] 

M16 leaf_habit ~ biomes + biomes:WD 577 295 62.88 [38.53 : 83.06] 7.1 [0.03 : 26.46] 14.97 [7.21 : 24.17] 15.05 [6.22 : 25.09] 

M17 leaf_habit ~ phytoclim + phytoclim:WD 577 295 53.39 [24.05 : 75.55] 10.19 [0.02 : 30.9] 9.31 [4.65 : 14.71] 27.12 [14.54 : 40.21] 

M18 lnhmax ~ WD 659 327 39.49 [25.3 : 54.32] 6.63 [0.39 : 16.24] 52.41 [41.64 : 63.08] 1.46 [0 : 3.27] 

M19 log(hmax) ~ biomes + biomes:WD 588 294 36.32 [23.1 : 48.05] 3.67 [0.26 : 9.05] 45.76 [36.13 : 56.03] 14.25 [9.65 : 19.37] 

M20 log(hmax) ~ clim + clim:WD 588 294 36.65 [22.96 : 47.75] 3.32 [0.35 : 8.36] 44.37 [35.47 : 54] 15.66 [10.2 : 20.32] 
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 312 

Figure 2 Phylogeny, traits, and biomes. (a) The phylogram shows associations between biomes and traits, i.e., leaf habit (inner 313 

circle, yellow and dark green dots for deciduous and evergreen, respectively), maximum height (red dots whose size 314 

represents the variation), and wood density (blue dots whose size represents the variation) at species level (the species were 315 

attached to the genus-level phylogeny as polytomies for illustrative purposes). The species names are coloured according to 316 

their biomes (forest in green, savanna in orange, generalist in grey). Only species (n=499) that have information available for 317 

the biomes and the three traits are considered here and abbreviated names are shown for family with more than five species. 318 

Details on the distribution per families, for families with more than five species in the phylogram, are given for (b) leaf habit, 319 



   
 

   
 

(c) maximum height and (d) wood density. Boxes denote median values and the 25th to 75th percentiles; horizontal lines 320 

outside of boxes represent the 10th and 90th percentiles. The number of species (sp) and the standard deviation (sd) are given. 321 

 322 

Phylogenetic and non-phylogenetic components 323 

When partitioning the variance between phylogenetic and non-phylogenetic components (M1 324 

to M5, Table 1, Fig. 3a, 3d, 3g), the phylogenetic variance was found substantial (considered 325 

in this case as a measure of phylogenetic signal) for both the species climatic niches (68% of 326 

the total variance for biomes, 51% for phytoclimatic groups) and traits (71% for leaf habit and 327 

56% and 51% for maximum height and wood density, respectively). Large parts of the 328 

phylogeny appeared dominated by a certain climatic niche or certain trait attributes (Fig. 2). 329 

For example, the evergreen leaf habit was predominantly shared among species in the 330 

Clusiaceae and the Annonaceae families, whereas the deciduous leaf habit was dominant in 331 

the Bignoniaceae and Moraceae families (Fig. 2a and b). Climatic niches, leaf habit and wood 332 

density showed similar non-phylogenetic intergeneric variance (around 17% of the total 333 

variance, Table 1). Intrageneric variances were low for leaf habit (around 9%) compared to 334 

phytoclimatic group, wood density and maximum height (around 35%, Table 1) for which rapid 335 

evolutionary changes within genera could be substantial. 336 

Trait response to climate 337 

Concerning the probability to be deciduous, the climatic niche explained only a small part of 338 

the variability (marginal variance of 8% for biomes and 15% for phytoclimatic groups, M6 and 339 

M7 in Table 1, Fig. 3a). The probability to be deciduous was, however, significantly lower for 340 

forest than for savanna species (0.27 vs 0.47, M6, Fig. 3b) and increased progressively with 341 

Climatic Water Deficit for forest phytoclimatic groups, while remaining consistently high for 342 

all savanna phytoclimatic groups (M7, Fig. 3c). It is worth noting that the phylogenetic variance 343 



   
 

   
 

was 71% in M3 and decreased to 66% in M7 (Fig. 3d, Table 1). Since M7 was built on M3 by 344 

including phytoclimatic group as fixed effect, this suggests that part of the phylogenetic signal 345 

in leaf habit is linked to lineage preference for phytoclimatic group, i.e., some parts of the 346 

phylogeny consist of related species that share both the same leaf habit and the same 347 

phytoclimatic group. In contrast, the phylogenetic variance was 74% in M6 (biome as fixed 348 

effect), which is similar to that of M3 (with no significant difference according to the 95% 349 

confidence intervals). This suggests that parts of the phylogeny comprise related species that 350 

occupy the same biome (as indicated by the high phylogenetic variance in M6) but do not 351 

necessarily share the same leaf habit, or vice versa.  352 

Concerning the maximum height, the climatic niche also accounted for a relatively small part 353 

of the variability (marginal variance around 10% for both biomes and phytoclimatic groups, 354 

M8 and M9 in Table 1). Maximum height was significantly higher for forest than for savanna 355 

species (16 m vs 9 m in average, Fig. 3e). As outlined for leaf habit, the small decrease in 356 

phylogenetic variance when including biomes or phytoclimatic groups as fixed effects (M4 vs. 357 

M8, M9) suggests that part of the phylogenetic signal in maximum height is related to lineage 358 

preferences for specific biomes or phytoclimatic groups.  359 

Concerning wood density, including biomes or phytoclimatic groups in the models did not 360 

noticeably affect the partition of variance (with marginal variance being less than 1% in M10 361 

and M11, Table 1, Fig. 3h, 3i). Consequently, we did not identify any significant differences in 362 

wood density among biomes or phytoclimatic groups. 363 



   
 

   
 

 364 

Figure 3 Variance partitioning (left panels), data distribution (bar- or violin-plots) and model predictions without random 365 

effects (points with confidence intervals) for (a, b, c) leaf habit, (d, e, f) maximum height, and (g, h, i) wood density according 366 

to biomes (b, e, h) and phytoclimatic groups (c, f, i). The letters above model predictions identify groups that are not 367 

significantly different according to pairwise comparison of contrasts. The marginal variance is the variance explained by fixed 368 



   
 

   
 

effects. The number of species with trait values for each biome or phytoclimatic group, along with a phylogenetic match, is 369 

indicated directly below each bar or violin plot. 370 

Trait covariations 371 

When exploring trait covariations, we found that the biome (or phytoclimatic group) and its 372 

interaction with maximum height explained 24% (or 41%) of the variance in leaf habit 373 

(marginal variance in M13 and M14, Table 1). It should be noted that the contribution of 374 

maximum height alone, without accounting for its interaction with biome or phytoclimatic 375 

group, explained only 1% of the variability in leaf habit (M12). This emphasises that the 376 

relationship between leaf habit and maximum height becomes significant only when 377 

considered within the context of a specific biome or phytoclimatic group. In the forest biome, 378 

the probability to be deciduous increased with maximum height (Fig. 4b), from 0.15 for 379 

understory species (~ 5 m high) to more than 0.50 for emergent tree species (≥ 40 m high). 380 

This trend was shared by all forest phytoclimatic groups (Fig. 4c): the drier the group, the 381 

higher the probability to be deciduous. The wet forest species reach 40 m tall with a relatively 382 

low probability (0.25) to be deciduous, the moist or dry forest species which reach more than 383 

40 m are most likely deciduous (0.65 and 0.80, respectively). For generalist and savanna 384 

species (Fig. 4b), as well as for cold savanna species at a finer resolution (Fig. 4c), the 385 

probability to be deciduous remained high, and there was no apparent relationship between 386 

leaf habit and maximum height. In contrast, among savanna generalists and hot savanna 387 

species, a different trend is observed: species generally exhibit a smaller stature compared to 388 

those in forests, and the probability to be deciduous decreases with increasing maximum 389 

height (Fig. 4c). 390 

When wood density was considered instead of maximum height for predicting leaf habit, the 391 

marginal variance was lower (15% for biomes and 27% for phytoclimatic groups, Table 1) and 392 



   
 

   
 

the trends were reversed (i.e. the probability of being deciduous decreased as wood density 393 

increased) except for the savanna generalist and the dry forest species. For the forest biome, 394 

the probability to be deciduous was greater for light wood species (Fig. 4e and f). This result 395 

was largely explained by the inverse relationship between maximum height and oven-dry 396 

wood density observed for all species (Fig. 4g, h, i). Differences in stature were maintained 397 

between forest and savanna species, with forest species being taller than savanna species for 398 

the same wood density (Fig. 4h, i). 399 



   
 

   
 

400 

Figure 4 Prediction (without random effect) and confidence intervals of models testing the effect of maximum height (a, b, c) 401 

and wood density (d, e, f) on the probability to be deciduous (P(deciduous)), in general (a, d), then considering biomes (b, e) 402 

and phytoclimatic groups (c, f). Data, predictions, and confidence intervals of models testing the relationship between 403 

maximum height and wood density (g) and considering biomes (h) and phytoclimatic groups (i). The marginal variance R²m is 404 

given for each model. 405 

Discussion 406 

In this study, we offer new insights into the relationship between species climatic niche, traits, 407 

and phylogenetic relatedness in the tropical woody flora of Africa. Species within the same 408 



   
 

   
 

lineage tend to occupy similar climatic niches and share comparable attributes, with leaf habit 409 

being the most conserved trait. However, despite the strong phylogenetic signals identified, 410 

our findings also indicate that evolutionary changes, particularly within genera, significantly 411 

contribute to variations in both the climatic niche and traits. Climate alone was found to be a 412 

poor predictor of species leaf habit and our results emphasize the necessity of incorporating 413 

species maximum height or, to a lesser extent, wood density to enhance the accuracy of 414 

predictions. Our results also confirm that, in forest, the probability to be deciduous increases 415 

with water deficit, given the significant advantages of this drought avoidance strategy in drier 416 

environments. Furthermore, we demonstrated that the probability of a species to be 417 

deciduous increases with maximum height and inversely with wood density. We modelled the 418 

changes in species attributes based on their maximum height: from small understory species, 419 

which are more likely to be evergreen, have dense wood and are possibly more drought 420 

tolerant, to taller, light-wooded canopy species which are more likely to be deciduous and 421 

avoid drought.  422 

The phylogenetic constraint on species climatic niche and traits 423 

Our results for the African woody flora confirm the accumulating evidence of high 424 

phylogenetic signal in plants, both for the climatic niche and traits. We found that most of the 425 

variability in the species climatic niche (around 68% when considering biome affinity, 51% for 426 

phytoclimatic groups) is associated with phylogenetic relatedness, testifying to the tendency 427 

of related species to grow under similar climates. These results are in line with the high 428 

climatic niche conservatism previously found in plants across the global tropics (Crisp et al., 429 

2009; Ringelberg et al., 2023 for Mimosoids) and in tropical Africa (Gorel et al., 2022). 430 

Regarding traits, leaf habit showed a high phylogenetic signal, with approximatively 70% of its 431 



   
 

   
 

variability related to phylogenetic relatedness. To date, our study represents the first 432 

quantitative assessment of the phylogenetic signal in the species leaf habit for the African 433 

flora. This result confirms that it is reasonable to use data observed at the genus or family 434 

level as a proxy of species leaf habit if this information is lacking. High phylogenetic signals 435 

have also been reported for maximum height (Feng et al., 2023; Liu et al., 2015 for 436 

Magnioliaceae), and to a lesser extent for wood density (Chave et al., 2006; Liu et al., 2015; 437 

Swenson & Enquist, 2007). The substantial phylogenetic signal we found for both the climatic 438 

niche and traits highlights that research in species phenology (Davies et al., 2013), maximum 439 

height and to a lesser extent wood density must take phylogeny into account because species 440 

cannot be treated as statistically independent. 441 

Despite a strong phylogenetic signal, a notable proportion of the variability in the climatic 442 

niche and traits shows signs of rapid evolutionary changes induced by selection. These 443 

changes occurred both above the genus level (particularly for the climatic niche, the leaf habit, 444 

and the wood density) and within genera (particularly for the phytoclimatic group, the 445 

maximum height). We confirm a certain lability of the climatic niche, albeit relative, as it has 446 

already been demonstrated for particular woody genera, such as the iconic Diospyros genus 447 

(White, 1978, 1988) or Erythrophleum (Gorel et al., 2019) which include both forest and 448 

savanna species. The approach was earlier extended to the tropical woody flora of Africa and 449 

niche lability was found to be widespread though niche conservatism dominates (Gorel et al., 450 

2022). Similarly, while leaf habit is characterised by a high phylogenetic signal, a certain degree 451 

of lability has nevertheless been documented for certain clades, such as the Meliaceae family 452 

(Koenen et al., 2015) or the Viburnum genus (Edwards et al., 2017). The lability in leaf habit 453 

could be shared by many other lineages. The proof is that, despite we found a prevalence 454 

within families of one specific leaf habit reflecting high phylogenetic constraints, almost none 455 



   
 

   
 

of them consists exclusively of deciduous or evergreen species. Concerning wood density, a 456 

previous study in the Neotropics showed that around 30% of the variation was related to 457 

differences within genera (Chave et al., 2006) and we obtained a very close figure of 32%. It is 458 

worth noting that measurement inaccuracies for wood density, averaged from individuals of 459 

various sizes, may also artificially increase species variability. Indeed, both wood anatomy and 460 

density, is known to vary considerably depending on the tree size and age (Bastin et al., 2015; 461 

Beeckman, 2016; Doucet et al., 2022) and on the sampling position on the trunk (Kafuti et al., 462 

2019). In general, it is important to recognize that our findings may be influenced by 463 

phenotypic plasticity or measurement errors (Housworth et al., 2004). Additionally, we cannot 464 

control the extent to which trait attributes are phylogenetically structured within genera, 465 

which could lead to an underestimation of the true phylogenetic signal. The forthcoming 466 

nuclear phylogenies will provide a more robust framework for re-evaluating our findings at 467 

the intrageneric level. 468 

Trait response to climate 469 

Our modelling framework allowed us to show that relying solely on climate was insufficient 470 

for accurate predictions of species leaf habit or maximum height. Indeed, despite the greater 471 

abundance of deciduous trees in savannas than in forests, evergreen and deciduous trees 472 

coexist in both biomes. This pattern suggests that both strategies, drought tolerance and 473 

drought avoidance, might be effective for coping with seasonal drought. However, our model 474 

predictions aligned with recognized trait variation across climates. For instance, the 475 

probability to be deciduous was notably lower for forest species compared to savanna species, 476 

consistent with earlier findings in northern and western African savannas (de Bie et al., 1998; 477 

Seghieri et al., 2012) and within the Diospyros genus (White, 1978). We found an increase in 478 



   
 

   
 

the probability to be deciduous with water deficit for forest species, in accordance with the 479 

variation of plot-level deciduousness across the Congo basin previously demonstrated (Réjou-480 

Méchain et al., 2021). Species wood density appeared to be decoupled from climatic 481 

conditions, which aligns with earlier findings in the Neotropics (Chave et al., 2006; Poorter et 482 

al., 2019, the latter reported similar community-weighted mean wood density in wet and dry 483 

mature forests). Although these studies used basic wood density, and our results are based 484 

on  oven-dry wood density, we remain confident that these two density values are comparable 485 

in terms of their responses to environment, because wood density values are highly correlated 486 

as shown for basic and 12% humidity (Vieilledent et al., 2018). 487 

The leaf habit response to climate is mediated by species stature and wood density 488 

Within the forest biome, the response of species leaf habit to climate became evident when 489 

considering covariations with maximum height or wood density, with a greater probability to 490 

be deciduous for tall species with slight wood and growing under greater Climatic Water 491 

Deficit. Our results are in line with previous findings showing that deciduous species tend to 492 

have lower wood density, an attribute associated with optimized resource acquisition 493 

(Markesteijn et al., 2011) and the attainment of greater heights (Anfodillo et al., 2006; Fajardo, 494 

2022). In addition, lower wood density has been associated with higher hydraulic capacitance 495 

(Lachenbruch et al., 2011) which could effectively delay embolism formation and facilitate 496 

embolism recovery during brief episodes of water shortage when trees are still leafed. Small 497 

evergreen species shows opposite attributes, with dense wood which may reflect their higher 498 

tolerance to desiccation (Gorel et al., 2019; Liang et al., 2021; Markesteijn et al., 2011) and to 499 

shade (Kitajima & Poorter, 2010; Sterck et al., 2006). Although this trend is generally observed, 500 

some species and clades deviate from it. For instance, in the Irvingiaceae family, most species 501 



   
 

   
 

in our dataset are deciduous and reach significant heights, yet they have a higher wood density 502 

than expected based on our models (see Appendix 1 in SI). Furthermore, while this general 503 

trend is evident in all forest phytoclimatic groups (except for the dry forest when leaf habit is 504 

considered in relation to wood density), there are slight variations according to water deficit. 505 

Indeed, in the wet forest, where water availability is less restrictive, some tree species can be 506 

evergreen, have light wood, and be able to reach the canopy, as theorized in Oliveira et al. 507 

(2021). In moist forest characterized by drier and more seasonal climates, this combination of 508 

traits seems rather unlikely, as it considerably increases the risk of hydraulic failure (Hacke et 509 

al., 2022; McDowell et al., 2008; Olson et al., 2018). For savanna species, which are typically 510 

more deciduous and smaller than forest species, identifying a consistent pattern of trait co-511 

variation across different climates remains challenging. In cold savannas, the probability to be 512 

deciduous was not correlated with maximum height but decline with wood density. This 513 

mirrors the trade-off observed in forest species and documented in savannas in China (Zhang 514 

et al., 2022), where species either mitigate drought stress through leaf shedding or withstand 515 

embolism with denser wood investment. Unlike forest species, however, adopting either 516 

strategy does not distinctly influence height. A particularly intriguing trend emerges among 517 

savanna generalists and hot savanna species: taller species are more likely to be evergreen. 518 

Additionally, in hot savannas and dry forests, the probability to be deciduous increases with 519 

wood density, suggesting a complementarity between leaf shedding strategies and high wood 520 

density investment. We currently lack clear ecological explanations for these counterintuitive 521 

patterns. Unlike in wet and moist forests, there is limited research on how leaf habit, 522 

maximum height, and wood density interact for drought adaptation in drier environments. 523 

Research in savannas has primarily focused on root densities, storage allocation patterns, and 524 

regrowth capacity (Sankaran, 2019 and references therein). Further investigations into 525 



   
 

   
 

morphological and physiological traits are essential to unravel these complexities and deepen 526 

our understanding of ecological strategies in drier environments. 527 

To conclude, our study offers important insights into how phylogenetic constraints and 528 

climate shape species traits and their covariation across tropical Africa's woody flora. We 529 

recognize that large-scale trait data compilations may introduce some inaccuracies, such as 530 

approximations in maximum height or leaf habit reporting in floras. Additionally, our niche-531 

based method may sometimes fail to fully capture the precise climatic conditions each species 532 

inhabits. However, given the scarcity of available data, we believe our effort represents one 533 

of the most comprehensive and feasible approaches for studying these large-scale ecological 534 

patterns, specifically for this flora. Large-scale comparisons of plant functional traits 535 

traditionally encompass specific leaf area, maximum height, seed mass (leaf-height-seed 536 

strategy scheme of Westoby, 1998), and wood density (Chave et al., 2009), and here we claim 537 

that for the tropical woody flora of Africa, considering information on leaf habit is equally 538 

crucial. Our current definitions of leaf habit, which rely on the dichotomy between deciduous 539 

and evergreen, may oversimplify the complex range of leaf phenology strategies reported for 540 

savanna species (e.g. de Bie et al., 1998), however, detailed information on leaf phenology 541 

remains scarce for the majority of species. The use of innovative tools such as phenocam 542 

(digital camera capturing time-lapse images of foliage, Brown et al., 2016) shows great 543 

potential in obtaining more refined data, while our results, derived from simple and readily 544 

accessible data, mark an initial step towards understanding the drought-related strategies 545 

employed by tropical trees.  546 



   
 

   
 

References 547 

Aerts, R. (1995). The advantages of being evergreen. Trends in Ecology & Evolution, 10(10), 548 

402–407. https://doi.org/10.1016/S0169-5347(00)89156-9 549 

Aleman, J. C., Fayolle, A., Favier, C., Staver, A. C., Dexter, K. G., Ryan, C. M., Azihou, A. F., 550 

Bauman, D., Beest, M. te, Chidumayo, E. N., Comiskey, J. A., Cromsigt, J. P. G. M., Dessard, H., 551 

Doucet, J.-L., Finckh, M., Gillet, J.-F., Gourlet-Fleury, S., Hempson, G. P., Holdo, R. M., … 552 

Swaine, M. D. (2020). Floristic evidence for alternative biome states in tropical Africa. 553 

Proceedings of the National Academy of Sciences, 117(45), 28183–28190. 554 

https://doi.org/10.1073/pnas.2011515117 555 

Anfodillo, T., Carraro, V., Carrer, M., Fior, C., & Rossi, S. (2006). Convergent tapering of xylem 556 

conduits in different woody species. New Phytologist, 169(2), 279–290. 557 

https://doi.org/10.1111/j.1469-8137.2005.01587.x 558 

Aubréville, A. (1968). Flore du Gabon: Légumineuses. Caesalpinioidées (Vol. 15). Muséum Nat. 559 

d’Histoire Naturelle, Laboratoire de Phanérogamie. 560 

Barbosa, R. I., & Fearnside, P. M. (2004). Wood density of trees in open savannas of the 561 

Brazilian Amazon. Forest Ecology and Management, 199(1), 115–123. 562 

https://doi.org/10.1016/j.foreco.2004.05.035 563 

Bastin, J.-F., Fayolle, A., Tarelkin, Y., Bulcke, J. V. den, Haulleville, T. de, Mortier, F., Beeckman, 564 

H., Acker, J. V., Serckx, A., Bogaert, J., & Cannière, C. D. (2015). Wood Specific Gravity 565 

Variations and Biomass of Central African Tree Species: The Simple Choice of the Outer Wood. 566 

PLOS ONE, 10(11), e0142146. https://doi.org/10.1371/journal.pone.0142146 567 

Beeckman, H. (2016). Wood anatomy and trait-based ecology. IAWA Journal, 37(2), 127–151. 568 

https://doi.org/10.1163/22941932-20160127 569 

Blomberg, S. P., & Garland, T. (2002). Tempo and mode in evolution: Phylogenetic inertia, 570 

adaptation and comparative methods: Phylogenetic inertia. Journal of Evolutionary Biology, 571 

15(6), 899–910. https://doi.org/10.1046/j.1420-9101.2002.00472.x 572 

Boom, A. F., Migliore, J., Kaymak, E., Meerts, P., & Hardy, O. J. (2021). Plastid introgression 573 

and evolution of African miombo woodlands: New insights from the plastome-based 574 

https://doi.org/10.1111/j.1469-8137.2005.01587.x


   
 

   
 

phylogeny of Brachystegia trees. Journal of Biogeography, 48(4), 933–946. 575 

https://doi.org/10.1111/jbi.14051 576 

Brodribb, T. J., Powers, J., Cochard, H., & Choat, B. (2020). Hanging by a thread? Forests and 577 

drought. Science, 368(6488), 261–266. https://doi.org/10.1126/science.aat7631 578 

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B., Pellissier, L., Yoccoz, N. G., 579 

Thuiller, W., Fortin, M.-J., Randin, C., Zimmermann, N. E., Graham, C. H., & Guisan, A. (2012). 580 

Measuring ecological niche overlap from occurrence and spatial environmental data. Global 581 

Ecology and Biogeography, 21(4), 481–497. https://doi.org/10.1111/j.1466-582 

8238.2011.00698.x 583 

Brown, T. B., Hultine, K. R., Steltzer, H., Denny, E. G., Denslow, M. W., Granados, J., Henderson, 584 

S., Moore, D., Nagai, S., SanClements, M., Sánchez-Azofeifa, A., Sonnentag, O., Tazik, D., & 585 

Richardson, A. D. (2016). Using phenocams to monitor our changing Earth: Toward a global 586 

phenocam network. Frontiers in Ecology and the Environment, 14(2), 84–93. 587 

https://doi.org/10.1002/fee.1222 588 

Charles-Dominique, T., Davies, T. J., Hempson, G. P., Bezeng, B. S., Daru, B. H., Kabongo, R. M., 589 

Maurin, O., Muasya, A. M., Bank, M. van der, & Bond, W. J. (2016). Spiny plants, mammal 590 

browsers, and the origin of African savannas. Proceedings of the National Academy of 591 

Sciences, 113(38), E5572–E5579. https://doi.org/10.1073/pnas.1607493113 592 

Chave, J., Coomes, D., Jansen, S., Lewis, S. L., Swenson, N. G., & Zanne, A. E. (2009). Towards 593 

a worldwide wood economics spectrum. Ecology Letters, 12(4), 351–366. 594 

https://doi.org/10.1111/j.1461-0248.2009.01285.x 595 

Chave, J., Muller-Landau, H. C., Baker, T. R., Easdale, T. A., Steege, H. ter, & Webb, C. O. (2006). 596 

Regional and Phylogenetic Variation of Wood Density Across 2456 Neotropical Tree Species. 597 

Ecological Applications, 16(6), 2356–2367. https://doi.org/10.1890/1051-598 

0761(2006)016[2356:RAPVOW]2.0.CO;2 599 

Chidumayo, E. N., & Gumbo, D. J. (2010). The dry forests and woodlands of Africa: Managing 600 

for products and services. Earthscan. 601 

https://doi.org/10.1126/science.aat7631


   
 

   
 

Choat, B., Ball, M. C., Luly, J. G., & Holtum, J. A. M. (2005). Hydraulic architecture of deciduous 602 

and evergreen dry rainforest tree species from north-eastern Australia. Trees, 19(3), 305–311. 603 

https://doi.org/10.1007/s00468-004-0392-1 604 

Crisp, M. D., Arroyo, M. T. K., Cook, L. G., Gandolfo, M. A., Jordan, G. J., McGlone, M. S., 605 

Weston, P. H., Westoby, M., Wilf, P., & Linder, H. P. (2009). Phylogenetic biome conservatism 606 

on a global scale. Nature, 458(7239), 754–756. https://doi.org/10.1038/nature07764 607 

Dantas, V. de L., & Pausas, J. G. (2013). The lanky and the corky: Fire-escape strategies in 608 

savanna woody species. Journal of Ecology, 101(5), 1265–1272. 609 

https://doi.org/10.1111/1365-2745.12118 610 

Dauby, G., Zaiss, R., Blach-Overgaard, A., Catarino, L., Damen, T., Deblauwe, V., Dessein, S., 611 

Dransfield, J., Droissart, V., Duarte, M. C., Engledow, H., Fadeur, G., Figueira, R., Gereau, R. E., 612 

Hardy, O. J., Harris, D. J., de Heij, J., Janssens, S., Klomberg, Y., … Couvreur, T. L. P. (2016). 613 

RAINBIO: A mega-database of tropical African vascular plants distributions. PhytoKeys, 74, 1–614 

18. https://doi.org/10.3897/phytokeys.74.9723 615 

Davies, T. J., Wolkovich, E. M., Kraft, N. J. B., Salamin, N., Allen, J. M., Ault, T. R., Betancourt, J. 616 

L., Bolmgren, K., Cleland, E. E., Cook, B. I., Crimmins, T. M., Mazer, S. J., McCabe, G. J., Pau, S., 617 

Regetz, J., Schwartz, M. D., & Travers, S. E. (2013). Phylogenetic conservatism in plant 618 

phenology. Journal of Ecology, 101(6), 1520–1530. https://doi.org/10.1111/1365-2745.12154 619 

de Bie, S., Ketner, P., Paasse, M., & Geerling, C. (1998). Woody plant phenology in the West 620 

Africa savanna. Journal of Biogeography, 25(5), 883–900. https://doi.org/10.1046/j.1365-621 

2699.1998.00229.x 622 

Deblauwe, V., Droissart, V., Bose, R., Sonké, B., Blach-Overgaard, A., Svenning, J.-C., Wieringa, 623 

J. J., Ramesh, B. R., Stévart, T., & Couvreur, T. L. P. (2016). Remotely sensed temperature and 624 

precipitation data improve species distribution modelling in the tropics: Remotely sensed 625 

climate data for tropical species distribution models. Global Ecology and Biogeography, 25(4), 626 

443–454. https://doi.org/10.1111/geb.12426 627 

Doucet, R., Doucet, J.-L., Lejeune, P., Verheyen, C., De Mil, T., Martin, P., Lagoute, P., & Jourez, 628 

B. (2022). Wood description and timber use investigation of Pachyelasma tessmannii (Harms) 629 

https://doi.org/10.1046/j.1365-2699.1998.00229.x
https://doi.org/10.1046/j.1365-2699.1998.00229.x


   
 

   
 

Harms. European Journal of Wood and Wood Products, 80(1), 199–212. 630 

https://doi.org/10.1007/s00107-021-01758-3 631 

Droogers, P., & Allen, R. G. (2002). Estimating Reference Evapotranspiration Under Inaccurate 632 

Data Conditions. Irrigation and Drainage Systems, 16(1), 33–45. 633 

https://doi.org/10.1023/A:1015508322413 634 

Edwards, E. J., Chatelet, D. S., Chen, B.-C., Ong, J. Y., Tagane, S., Kanemitsu, H., Tagawa, K., 635 

Teramoto, K., Park, B., Chung, K.-F., Hu, J.-M., Yahara, T., & Donoghue, M. J. (2017). 636 

Convergence, Consilience, and the Evolution of Temperate Deciduous Forests. The American 637 

Naturalist, 190(S1), S87–S104. https://doi.org/10.1086/692627 638 

Fajardo, A. (2022). Wood density relates negatively to maximum plant height across major 639 

angiosperm and gymnosperm orders. American Journal of Botany, 109(2), 250–258. 640 

https://doi.org/10.1002/ajb2.1805 641 

Fayolle, A., Loubota Panzou, G. J., Drouet, T., Swaine, M. D., Bauwens, S., Vleminckx, J., Biwolé, 642 

A., Lejeune, P., & Doucet, J.-L. (2016). Taller trees, denser stands and greater biomass in semi-643 

deciduous than in evergreen lowland central African forests. Forest Ecology and Management, 644 

374, 42–50. https://doi.org/10.1016/j.foreco.2016.04.033 645 

Feng, X., Zhao, W., Yang, Q., & Zhou, H. (2023). Decoupling of tree height and root depth across 646 

the globe and the implications for tree mortality during drought events. Ecological Indicators, 647 

147, 109944. https://doi.org/10.1016/j.ecolind.2023.109944 648 

Gorel, A.-P., Steppe, K., Beeckman, H., De Baerdemaeker, N. J. F., Doucet, J., Ligot, G., Daïnou, 649 

K., & Fayolle, A. (2019). Testing the divergent adaptation of two congeneric tree species on a 650 

rainfall gradient using eco‐physio‐morphological traits. Biotropica, btp.12646. 651 

https://doi.org/10.1111/btp.12646 652 

Gorel, A.-P., Hardy, O. J., Dauby, G., Dexter, K. G., Segovia, R. A., Steppe, K., & Fayolle, A. 653 

(2022). Climatic niche lability but growth form conservatism in the African woody flora. 654 

Ecology Letters, 25(5), 1164–1176. https://doi.org/10.1111/ele.13985 655 

Gourlet-Fleury, S., Rossi, V., Rejou-Mechain, M., Freycon, V., Fayolle, A., Saint-André, L., Cornu, 656 

G., Gérard, J., Sarrailh, J.-M., Flores, O., Baya, F., Billand, A., Fauvet, N., Gally, M., Henry, M., 657 

Hubert, D., Pasquier, A., & Picard, N. (2011). Environmental filtering of dense-wooded species 658 

https://doi.org/10.1007/s00107-021-01758-3


   
 

   
 

controls above-ground biomass stored in African moist forests. Journal of Ecology, 99(4), 981–659 

990. https://doi.org/10.1111/j.1365-2745.2011.01829.x 660 

Guisan, A., Petitpierre, B., Broennimann, O., Daehler, C., & Kueffer, C. (2014). Unifying niche 661 

shift studies: Insights from biological invasions. Trends in Ecology & Evolution, 29(5), 260–269. 662 

https://doi.org/10.1016/j.tree.2014.02.009 663 

Hacke, U. G., Jacobsen, A. L., & Pratt, R. B. (2022). Vessel diameter and vulnerability to 664 

drought-induced embolism: Within-tissue and across-species patterns and the issue of 665 

survivorship bias. IAWA Journal, 1(aop), 1–16. https://doi.org/10.1163/22941932-bja10107 666 

Hacke, U. G., Sperry, J. S., Pockman, W. T., Davis, S. D., & McCulloh, K. A. (2001). Trends in 667 

wood density and structure are linked to prevention of xylem implosion by negative pressure. 668 

Oecologia, 126(4), 457–461. https://doi.org/10.1007/s004420100628 669 

Hadfield, J. D. (2010). MCMC Methods for Multi-Response Generalized Linear Mixed Models: 670 

The MCMCglmm R Package. Journal of Statistical Software, 33(2). 671 

https://doi.org/10.18637/jss.v033.i02 672 

Hardy, O. J., & Pavoine, S. (2012). Assessing Phylogenetic Signal with Measurement Error: A 673 

Comparison of Man℡ Tests, Blomberg Et Al.’s K, and Phylogenetic Distograms. Evolution, 674 

66(8), 2614–2621. https://doi.org/10.1111/j.1558-5646.2012.01623.x 675 

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis, A. (2005). Very high resolution 676 

interpolated climate surfaces for global land areas. International Journal of Climatology, 677 

25(15), 1965–1978. https://doi.org/10.1002/joc.1276 678 

Housworth, E. A., Martins, E. P., & Lynch, M. (2004). The Phylogenetic Mixed Model. The 679 

American Naturalist, 163(1), 84–96. https://doi.org/10.1086/380570 680 

Ibanez, T., Chave, J., Barrabé, L., Elodie, B., Boutreux, T., Trueba, S., Vandrot, H., & Birnbaum, 681 

P. (2017). Community variation in wood density along a bioclimatic gradient on a hyper-682 

diverse tropical island. Journal of Vegetation Science, 28(1), 19–33. 683 

https://doi.org/10.1111/jvs.12456 684 

Janssens, S. B., Couvreur, T. L. P., Mertens, A., Dauby, G., Dagallier, L.-P. M. J., Vanden Abeele, 685 

S., Vandelook, F., Mascarello, M., Beeckman, H., Sosef, M., Droissart, V., van der Bank, M., 686 

https://doi.org/10.1111/j.1365-2745.2011.01829.x
https://doi.org/10.1111/j.1558-5646.2012.01623.x


   
 

   
 

Maurin, O., Hawthorne, W., Marshall, C., Réjou-Méchain, M., Beina, D., Baya, F., Merckx, V., 687 

… Hardy, O. (2020). A large-scale species level dated angiosperm phylogeny for evolutionary 688 

and ecological analyses. Biodiversity Data Journal, 8. https://doi.org/10.3897/BDJ.8.e39677 689 

Kafuti, C., Bourland, N., De Mil, T., Meeus, S., Rousseau, M., Toirambe, B., Bolaluembe, P.-C., 690 

Ndjele, L., & Beeckman, H. (2019). Foliar and Wood Traits Covary along a Vertical Gradient 691 

within the Crown of Long-Lived Light-Demanding Species of the Congo Basin Semi-Deciduous 692 

Forest. Forests, 11(1), 35. https://doi.org/10.3390/f11010035 693 

Kitajima, K., & Poorter, L. (2010). Tissue-level leaf toughness, but not lamina thickness, 694 

predicts sapling leaf lifespan and shade tolerance of tropical tree species. New Phytologist, 695 

186(3), 708–721. https://doi.org/10.1111/j.1469-8137.2010.03212.x 696 

Koch, G. W., Sillett, S. C., Jennings, G. M., & Davis, S. D. (2004). The limits to tree height. Nature, 697 

428(6985), Article 6985. https://doi.org/10.1038/nature02417 698 

Koenen, E. J. M., Clarkson, J. J., Pennington, T. D., & Chatrou, L. W. (2015). Recently evolved 699 

diversity and convergent radiations of rainforest mahoganies (Meliaceae) shed new light on 700 

the origins of rainforest hyperdiversity. New Phytologist, 207(2), 327–339. 701 

https://doi.org/10.1111/nph.13490 702 

Kyalangalilwa, B., Boatwright, J. S., Daru, B. H., Maurin, O., & van der Bank, M. (2013). 703 

Phylogenetic position and revised classification of Acacia s.l. (Fabaceae: Mimosoideae) in 704 

Africa, including new combinations in Vachellia and Senegalia. Botanical Journal of the Linnean 705 

Society, 172(4), 500–523. https://doi.org/10.1111/boj.12047 706 

Lachenbruch, B., Moore, J. R., & Evans, R. (2011). Radial Variation in Wood Structure and 707 

Function in Woody Plants, and Hypotheses for Its Occurrence. In F. C. Meinzer, B. 708 

Lachenbruch, & T. E. Dawson (Eds.), Size- and Age-Related Changes in Tree Structure and 709 

Function (pp. 121–164). Springer Netherlands. https://doi.org/10.1007/978-94-007-1242-3_5 710 

Lenth, R. V., Buerkner, P., Herve, M., Love, J., Riebl, H., & Singmann, H. (2021). emmeans: 711 

Estimated Marginal Means, aka Least-Squares Means (1.7.0) [Computer software]. 712 

https://CRAN.R-project.org/package=emmeans 713 

Liang, X., Ye, Q., Liu, H., & Brodribb, T. J. (2021). Wood density predicts mortality threshold for 714 

diverse trees. New Phytologist, 229(6), 3053–3057. https://doi.org/10.1111/nph.17117 715 



   
 

   
 

Liu, H., Xu, Q., He, P., Santiago, L. S., Yang, K., & Ye, Q. (2015). Strong phylogenetic signals and 716 

phylogenetic niche conservatism in ecophysiological traits across divergent lineages of 717 

Magnoliaceae. Scientific Reports, 5(1), 12246. https://doi.org/10.1038/srep12246 718 

Losos, J. B. (2008). Phylogenetic niche conservatism, phylogenetic signal and the relationship 719 

between phylogenetic relatedness and ecological similarity among species. Ecology Letters, 720 

11(10), 995–1003. https://doi.org/10.1111/j.1461-0248.2008.01229.x 721 

Loubota Panzou, G. J., Ligot, G., Gourlet-Fleury, S., Doucet, J.-L., Forni, E., Loumeto, J.-J., & 722 

Fayolle, A. (2018). Architectural differences associated with functional traits among 45 723 

coexisting tree species in Central Africa. Functional Ecology, 32(11), 2583–2593. 724 

https://doi.org/10.1111/1365-2435.13198 725 

Maharjan, S. K., Poorter, L., Holmgren, M., Bongers, F., Wieringa, J. J., & Hawthorne, W. D. 726 

(2011). Plant Functional Traits and the Distribution of West African Rain Forest Trees along the 727 

Rainfall Gradient. Biotropica, 43(5), 552–561. https://doi.org/10.1111/j.1744-728 

7429.2010.00747.x 729 

Maniatis, D., Saint André, L., Temmerman, M., Malhi, Y., & Beeckman, H. (2011). The potential 730 

of using xylarium wood samples for wood density calculations: A comparison of approaches 731 

for volume measurement. iForest - Biogeosciences and Forestry, 4(4), 150–159. 732 

https://doi.org/10.3832/ifor0575-004 733 

Markesteijn, L., & Poorter, L. (2009). Seedling root morphology and biomass allocation of 62 734 

tropical tree species in relation to drought- and shade-tolerance. Journal of Ecology, 97(2), 735 

311–325. https://doi.org/10.1111/j.1365-2745.2008.01466.x 736 

Markesteijn, L., Poorter, L., Bongers, F., Paz, H., & Sack, L. (2011). Hydraulics and life history of 737 

tropical dry forest tree species: Coordination of species’ drought and shade tolerance. New 738 

Phytologist, 191(2), 480–495. https://doi.org/10.1111/j.1469-8137.2011.03708.x 739 

McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., Kolb, T., Plaut, J., Sperry, 740 

J., West, A., Williams, D. G., & Yepez, E. A. (2008). Mechanisms of plant survival and mortality 741 

during drought: Why do some plants survive while others succumb to drought? New 742 

Phytologist, 178(4), 719–739. https://doi.org/10.1111/j.1469-8137.2008.02436.x 743 



   
 

   
 

Münkemüller, T., Lavergne, S., Bzeznik, B., Dray, S., Jombart, T., Schiffers, K., & Thuiller, W. 744 

(2012). How to measure and test phylogenetic signal. Methods in Ecology and Evolution, 3(4), 745 

743–756. https://doi.org/10.1111/j.2041-210X.2012.00196.x 746 

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for obtaining R2 from 747 

generalized linear mixed-effects models. Methods in Ecology and Evolution, 4(2), 133–142. 748 

https://doi.org/10.1111/j.2041-210x.2012.00261.x 749 

Noce, S., Caporaso, L., & Santini, M. (2020). A new global dataset of bioclimatic indicators. 750 

Scientific Data, 7(1), Article 1. https://doi.org/10.1038/s41597-020-00726-5 751 

Oliveira, R. S., Costa, F. R. C., van Baalen, E., de Jonge, A., Bittencourt, P. R., Almanza, Y., Barros, 752 

F. de V., Cordoba, E. C., Fagundes, M. V., Garcia, S., Guimaraes, Z. T. M., Hertel, M., Schietti, J., 753 

Rodrigues-Souza, J., & Poorter, L. (2019). Embolism resistance drives the distribution of 754 

Amazonian rainforest tree species along hydro-topographic gradients. New Phytologist, 755 

221(3), 1457–1465. https://doi.org/10.1111/nph.15463 756 

Oliveira, R. S., Eller, C. B., Barros, F. de V., Hirota, M., Brum, M., & Bittencourt, P. (2021). Linking 757 

plant hydraulics and the fast–slow continuum to understand resilience to drought in tropical 758 

ecosystems. New Phytologist, 230(3), 904–923. https://doi.org/10.1111/nph.17266 759 

Olson, M. E., Soriano, D., Rosell, J. A., Anfodillo, T., Donoghue, M. J., Edwards, E. J., León-760 

Gómez, C., Dawson, T., Martínez, J. J. C., Castorena, M., Echeverría, A., Espinosa, C. I., Fajardo, 761 

A., Gazol, A., Isnard, S., Lima, R. S., Marcati, C. R., & Méndez-Alonzo, R. (2018). Plant height 762 

and hydraulic vulnerability to drought and cold. Proceedings of the National Academy of 763 

Sciences, 115(29), 7551–7556. https://doi.org/10.1073/pnas.1721728115 764 

Ouédraogo, D.-Y., Fayolle, A., Gourlet-Fleury, S., Mortier, F., Freycon, V., Fauvet, N., Rabaud, 765 

S., Cornu, G., Bénédet, F., Gillet, J.-F., Oslisly, R., Doucet, J.-L., Lejeune, P., & Favier, C. (2016). 766 

The determinants of tropical forest deciduousness: Disentangling the effects of rainfall and 767 

geology in central Africa. Journal of Ecology, 104(4), 924–935. https://doi.org/10.1111/1365-768 

2745.12589 769 

Poorter, L., Rozendaal, D. M. A., Bongers, F., de Almeida-Cortez, J. S., Almeyda Zambrano, A. 770 

M., Álvarez, F. S., Andrade, J. L., Villa, L. F. A., Balvanera, P., Becknell, J. M., Bentos, T. V., 771 

Bhaskar, R., Boukili, V., Brancalion, P. H. S., Broadbent, E. N., César, R. G., Chave, J., Chazdon, 772 



   
 

   
 

R. L., Colletta, G. D., … Westoby, M. (2019). Wet and dry tropical forests show opposite 773 

successional pathways in wood density but converge over time. Nature Ecology & Evolution, 774 

3(6), 928–934. https://doi.org/10.1038/s41559-019-0882-6 775 

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: A traits manifesto. 776 

Journal of Ecology, 102(2), 275–301. https://doi.org/10.1111/1365-2745.12211 777 

Réjou-Méchain, M., Mortier, F., Bastin, J.-F., Cornu, G., Barbier, N., Bayol, N., Bénédet, F., Bry, 778 

X., Dauby, G., Deblauwe, V., Doucet, J.-L., Doumenge, C., Fayolle, A., Garcia, C., Kibambe 779 

Lubamba, J.-P., Loumeto, J.-J., Ngomanda, A., Ploton, P., Sonké, B., … Gourlet-Fleury, S. (2021). 780 

Unveiling African rainforest composition and vulnerability to global change. Nature, 781 

593(7857), Article 7857. https://doi.org/10.1038/s41586-021-03483-6 782 

Ringelberg, J. J., Koenen, E. J. M., Sauter, B., Aebli, A., Rando, J. G., Iganci, J. R., de Queiroz, L. 783 

P., Murphy, D. J., Gaudeul, M., Bruneau, A., Luckow, M., Lewis, G. P., Miller, J. T., Simon, M. F., 784 

Jordão, L. S. B., Morales, M., Bailey, C. D., Nageswara-Rao, M., Nicholls, J. A., … Hughes, C. E. 785 

(2023). Precipitation is the main axis of tropical plant phylogenetic turnover across space and 786 

time. Science Advances, 9(7), eade4954. https://doi.org/10.1126/sciadv.ade4954 787 

Rowland, L., da Costa, A. C. L., Galbraith, D. R., Oliveira, R. S., Binks, O. J., Oliveira, A. A. R., 788 

Pullen, A. M., Doughty, C. E., Metcalfe, D. B., Vasconcelos, S. S., Ferreira, L. V., Malhi, Y., Grace, 789 

J., Mencuccini, M., & Meir, P. (2015). Death from drought in tropical forests is triggered by 790 

hydraulics not carbon starvation. Nature, 528(7580), 119-122I. 791 

Sanchez-Martinez, P., Martínez-Vilalta, J., Dexter, K. G., Segovia, R. A., & Mencuccini, M. 792 

(2020). Adaptation and coordinated evolution of plant hydraulic traits. Ecology Letters, 23(11), 793 

1599–1610. https://doi.org/10.1111/ele.13584 794 

Sankaran, M. (2019). Droughts and the ecological future of tropical savanna vegetation. 795 

Journal of Ecology, 107(4), 1531–1549. https://doi.org/10.1111/1365-2745.13195 796 

Seghieri, J., C., F., Devineau, J.-L., & Fournier, A. (2012). Phenology of Woody Species Along 797 

the Climatic Gradient in West Tropical Africa. In X. Zhang (Ed.), Phenology and Climate Change. 798 

InTech. http://www.intechopen.com/books/phenology-and-climate-change/phenology-of-799 

woody-species-along-the-climatic-gradient-in-west-tropical-africa- 800 



   
 

   
 

Silva de Miranda, P. L., Dexter, K. G., Swaine, M. D., de Oliveira-Filho, A. T., Hardy, O. J., & 801 

Fayolle, A. (2022). Dissecting the difference in tree species richness between Africa and South 802 

America. Proceedings of the National Academy of Sciences, 119(14), e2112336119. 803 

https://doi.org/10.1073/pnas.2112336119 804 

Sterck, F. J., Poorter, L., & Schieving, F. (2006). Leaf Traits Determine the Growth-Survival 805 

Trade-Off across Rain Forest Tree Species. The American Naturalist, 167(5), 758–765. 806 

Swenson, N. G., & Enquist, B. J. (2007). Ecological and evolutionary determinants of a key plant 807 

functional trait: Wood density and its community-wide variation across latitude and elevation. 808 

American Journal of Botany, 94(3), 451–459. https://doi.org/10.3732/ajb.94.3.451 809 

Thiery, W., Lange, S., Rogelj, J., Schleussner, C.-F., Gudmundsson, L., Seneviratne, S. I., 810 

Andrijevic, M., Frieler, K., Emanuel, K., Geiger, T., Bresch, D. N., Zhao, F., Willner, S. N., 811 

Büchner, M., Volkholz, J., Bauer, N., Chang, J., Ciais, P., Dury, M., … Wada, Y. (2021). 812 

Intergenerational inequities in exposure to climate extremes. Science, 374(6564), 158–160. 813 

https://doi.org/10.1126/science.abi7339 814 

Tyree, M. T., Engelbrecht, B. M. J., Vargas, G., & Kursar, T. A. (2003). Desiccation Tolerance of 815 

Five Tropical Seedlings in Panama. Relationship to a Field Assessment of Drought 816 

Performance. Plant Physiology, 132(3), 1439–1447. https://doi.org/10.1104/pp.102.018937 817 

Vergeynst, L. L., Dierick, M., Bogaerts, J. A. N., Cnudde, V., & Steppe, K. (2015). Cavitation: A 818 

blessing in disguise? New method to establish vulnerability curves and assess hydraulic 819 

capacitance of woody tissues. Tree Physiology, 35(4), 400–409. 820 

https://doi.org/10.1093/treephys/tpu056 821 

Vieilledent, G., Fischer, F. J., Chave, J., Guibal, D., Langbour, P., & Gérard, J. (2018). New 822 

formula and conversion factor to compute basic wood density of tree species using a global 823 

wood technology database. American Journal of Botany, 105(10), 1653–1661. 824 

https://doi.org/10.1002/ajb2.1175 825 

Westoby, M. (1998). A leaf-height-seed (LHS) plant ecology strategy scheme. Plant and Soil, 826 

199(2), 213–227. https://doi.org/10.1023/A:1004327224729 827 



   
 

   
 

White, F. (1978). The Taxonomy, Ecology and Chorology of African Ebenaceae I. The Guineo-828 

Congolian Species. Bulletin Du Jardin Botanique National de Belgique / Bulletin van de 829 

National Plantentuin van België, 48(3/4), 245. https://doi.org/10.2307/3667933 830 

White, F. (1979). The Guineo-Congolian Region and Its Relationships to Other Phytochoria. 831 

Bulletin Du Jardin Botanique National de Belgique / Bulletin van de National Plantentuin van 832 

België, 49(1/2), 11. https://doi.org/10.2307/3667815 833 

White, F. (1988). The Taxonomy, Ecology and Chorology of African Ebenaceae II. The Non-834 

Guineo-Congolian Species of Diospyros (Excluding sect. Royena). Bulletin Du Jardin Botanique 835 

National de Belgique / Bulletin van de National Plantentuin van België, 58(3/4), 325. 836 

https://doi.org/10.2307/3668296 837 

Wright, S. J., & Calderon, O. (1995). Phylogenetic Patterns among Tropical Flowering 838 

Phenologies. Journal of Ecology, 83(6), 937–948. https://doi.org/10.2307/2261176 839 

Wright, S. J., Kitajima, K., Kraft, N. J. B., Reich, P. B., Wright, I. J., Bunker, D. E., Condit, R., 840 

Dalling, J. W., Davies, S. J., Díaz, S., Engelbrecht, B. M. J., Harms, K. E., Hubbell, S. P., Marks, C. 841 

O., Ruiz-Jaen, M. C., Salvador, C. M., & Zanne, A. E. (2010). Functional traits and the growth—842 

Mortality trade-off in tropical trees. Ecology, 91(12), 3664–3674. 843 

https://doi.org/10.2307/29779549 844 

Zhang, S.-B., Wen, G.-J., Qu, Y.-Y., Yang, L.-Y., & Song, Y. (2022). Trade-offs between xylem 845 

hydraulic efficiency and mechanical strength in Chinese evergreen and deciduous savanna 846 

species. Tree Physiology, 42(7), 1337–1349. https://doi.org/10.1093/treephys/tpac017 847 

Data Sources  848 

African Plant Database. (2023). Available at: https://africanplantdatabase.ch/fr. Last accessed 849 

14 October 2023. 850 

Amshoff, G.J.H., Aubréville, A., Aymonin, G., et al. (1961). Flore du Gabon. Vol. 1-37. Muséum 851 

national d'histoire naturelle. 852 

Arbonnier, M. (2002). Arbres, arbustes et lianes des zones sèches d’Afrique de l’Ouest. CIRAD. 853 

MNHN, Montpellier, Paris, France. 854 

https://africanplantdatabase.ch/fr


   
 

   
 

Aubréville, A. (1959). La flore forestière de la Côte d'Ivoire. Vol. 1-3. Centre Technique Forestier 855 

Tropical (CTFT), Nogent-sur-Marne. 856 

Balle, S., Boutique, R., Cronquist, A., et al. (1948). Flore du Congo belge et du Ruanda-Urundi. 857 

Vol. 1-10. Institut national pour l'étude agronomique du Congo (belge). 858 

Bamps, P. (1970). Spermatophytes. Guttiferae. In Bamps, P., Boutique, R., Geerinck, D., et al. 859 

(Eds.), Flore du Congo, du Rwanda et du Burundi (pp. 74). Jardin botanique national de 860 

Belgique. 861 

Bamps, P. (1974). Spermatophytes, Araliaceae. In Bamps, P., Billiet, F., Boutique, R., et al. 862 

(Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 30). Jardin botanique national 863 

de Belgique. 864 

Bamps, P., Farron, C. (1967). Spermatophytes. Ochnaceae. In Bamps, P., Boutique, R., 865 

Geerinck, D., et al. (Eds.), Flore du Congo, du Rwanda et du Burundi (pp. 65). Jardin botanique 866 

national de Belgique. 867 

Brink, M., PROTA Network Office Europe (2007). Premna angolensis Gürke. Retrieved from 868 

http://www.prota4u.org/ 869 

Dowsett-Lemaire, F., Pannell, C.M. (1996). A New Diospyros (Ebenaceae) from the Congo 870 

Republic. Bulletin du Jardin botanique national de Belgique, 65(3/4), 399-403. 871 

De Bie, S., Ketner, P., Paasse, M., & Geerling, C. (1998). Woody plant phenology in the West 872 

Africa savanna. Journal of Biogeography, 25(5), 883-900. 873 

Doucet, J.-L. (2003). L'alliance délicate de la gestion forestière et de la biodiversité dans les 874 

forêts du centre du Gabon. (Unpublished PhD Thesis). Universitaire des Sciences 875 

Agronomiques, Gembloux, Belgique. 876 

Fayolle, A., Picard, N., Doucet, J.-L., Swaine, M., Bayol, N., Bénédet, F., et al. (2014). A new 877 

insight in the structure, composition and functioning of central African moist forests. For. Ecol. 878 

Manag., 329, 195–205. 879 

Gillet, J.-F. & Doucet, J.-L. (2012). A commented checklist of woody plants in the Northern 880 

Republic of Congo. Plant Ecol. Evol., 145, 258–271. 881 

http://www.prota4u.org/


   
 

   
 

Hawthorne, W.D. (1995). Ecological profiles of Ghanaian forest trees. (29). Oxford Forestry 882 

Institute. 883 

Hawthorne, W.D., Jongkind, C.C.H. (2008). Woody Plants of Western African Forests: A Guide 884 

to the Forest Trees, Shrubs and Lianes from Senegal to Ghana. Kew Publishing Royal Botanic 885 

Gardens. 886 

Leeuwenberg, A.J.M., Bamps, P. (1979). Spermatophytes, Loganiaceae. In Bamps, P., Billiet, F., 887 

Boutique, R., et al. (Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 149). Jardin 888 

botanique national de Belgique. 889 

Leonard, J. (1995). Spermatophytes, Euphorbiaceae (deuxième partie). In Bamps, P., Billiet, F., 890 

Boutique, R., et al. (Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 115). Jardin 891 

botanique national de Belgique. 892 

Leonard, J. (1996). Spermatophytes, Euphorbiaceae (troisième partie). In Bamps, P., Billiet, F., 893 

Boutique, R., et al. (Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 74). Jardin 894 

botanique national de Belgique. 895 

Liben, L. (1971). Spermatophytes, Lecythidaceae. In Bamps, P., Boutique, R., Geerinck, D., et 896 

al. (Eds.), Flore du Congo, du Rwanda et du Burundi (pp. 9). Jardin botanique national de 897 

Belgique. 898 

Liben, L. (1977). Spermatophytes, Bignoniaceae. In Bamps, P., Billiet, F., Boutique, R., et al. 899 

(Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 39). Jardin botanique national 900 

de Belgique. 901 

Liben, L. (1987). Spermatophytes, Rhizophoraceae. In Bamps, P., Billiet, F., Boutique, R., et al. 902 

(Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 36). Jardin botanique national 903 

de Belgique. 904 

Livre blanc - wetenschappelijke bijdrage van België tot de ontwikkeling van Centraal-Afrika - 905 

apport scientifique de la Belgique au développement de l'Afrique centrale, 2. Sciences 906 

naturelles et médicales / Natuur- en Geneeskundige Wetenschappen. (1962). (506-956-XVI 907 

pp.) 908 



   
 

   
 

Louppe, D., PROTA Network Office Europe (2005). Tectona grandis L.f.. Retrieved from 909 

http://www.prota4u.org/ 910 

Mankou, G. S., Ligot, G., Panzou, G. J. L., Boyemba, F., Loumeto, J. J., Ngomanda, A., ... & 911 

Fayolle, A. (2021). Tropical tree allometry and crown allocation, and their relationship with 912 

species traits in central Africa. Forest Ecology and Management, 493, 119262. 913 

Masia, N. D., Stevens, N., & Archibald, S. (2018). Identifying phenological functional types in 914 

savanna trees. African Journal of Range & Forage Science, 35(2), 81-88. 915 

Meunier, Q., Lemmens, R., Morin, A. (2010). Alternatives to exotic species in Uganda: growth 916 

and cultivation of 85 indigenous trees. [s.n.] 917 

Palgrave, K.C. (2002). Trees of Southern Africa. Struik Publishers. 918 

PlantZAfrica. (2023). Available at: http://pza.sanbi.org/about. Last accessed 12 December 919 

2023. 920 

Robyns, A. (1975). Spermatophytes, Thymelaeaceae. In Bamps, P., Billiet, F., Boutique, R., et 921 

al. (Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 68). Jardin botanique 922 

national de Belgique. 923 

Robyns, A. (1976). Spermatophytes, Huaceae. In Bamps, P., Billiet, F., Boutique, R., et al. (Eds.), 924 

Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 10). Jardin botanique national de 925 

Belgique. 926 

Seghieri, J., Do, F. C., Devineau, J. L., & Fournier, A. (2012). Phenology of woody species along 927 

the climatic gradient in west tropical Africa. Phenology and climate change, 143-178. 928 

Sleumer, H., Bamps, P. (1976). Spermatophytes, Flacourtiaceae (seconde partie): Tribus 929 

Homalieae, Paropsieae, Pangieae et Casearieae. In Bamps, P., Billiet, F., Boutique, R., et al. 930 

(Eds.), Flore d'Afrique Centrale (Zaïre - Rwanda - Burundi) (pp. 45). Jardin botanique national 931 

de Belgique. 932 

Sonké, B. (1998). Etudes floristiques et structurales des forêts de la Réserve de Faune du Dja 933 

(Cameoun). (Unpublished PhD Thesis). Université Libre de Bruxelles, Laboratoire de Botanique 934 

systématique et de phytosociologie, Belgique. 935 

Swaine, M. (2012). CoForChange WP5 Study. (Unpublished raw data). 936 

http://www.prota4u.org/
http://pza.sanbi.org/about


   
 

   
 

Taton, A. (1969). Spermatophytes, Violaceae. In Bamps, P., Boutique, R., Geerinck, D., et al. 937 

(Eds.), Flore du Congo, du Rwanda et du Burundi (pp. 77). Jardin botanique national de 938 

Belgique. 939 

Taton, A. (1971). Spermatophytes, Boraginaceae. In Bamps, P., Boutique, R., Geerinck, D., et 940 

al. (Eds.), Flore du Congo, du Rwanda et du Burundi (pp. 82). Jardin botanique national de 941 

Belgique. 942 

Vivien, J., Faure, J.J. (1985). Arbres des forêts denses d'Afrique Centrale. ACCT - Agence de 943 

Coopération Culturelle et Technique, Paris. 944 

White, F. (1983). The Vegetation of Africa: A Descriptive Memoir to Accompany the 945 

Unesco/Aetfat/Unso Vegetation Map of Africa and Map. UNESCO, Paris. 946 

Wieringa, J. J. (1999). Monopetalanthus exit. A systematic study of Aphanocalyx, Bikinia, Icuria, 947 

Michelsonia and Tetraberlinia (Leguminosae, Caesalpinoideae). Wageningen Agricultural 948 

University Papers. 949 

Yongo, O.D. (2002). Contribution Aux Études Floristique, Phytogéographique Et 950 

Phytosociologique De La Forêt De Ngotto (République Centrafricaine). (Unpublished PhD 951 

Thesis). Université de Lille 2 & Université Libre de Bruxelles, France - Belgique. 952 

 953 


