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f Laboratoire d’Ecologie Appliquée, Université d’Abomey Calavi, 03 BP 526, Cotonou, Benin   

A R T I C L E  I N F O   

Keywords: 
Afzelia africana 
Biotic neighborhood 
Conspecific adult density 
Phylogeny 
Seedling survival 
Semi-arid environment 

A B S T R A C T   

Biotic and abiotic drivers of seedling establishment and survival are fundamental not only for elucidating pro
cesses occurring at plant early life stages, but also for assisting species natural regeneration. Keystone, multi
purpose and economically important tree species such as Afzelia africana Sm. are reportedly facing recruitment 
constraints, yet little is known about how abiotic and biotic factors shape the species seedling dynamics. Here, we 
monitored the species seedlings over one year across three seasons in West Africa savannahs to determine how 
conspecific and heterospecific biotic neighborhood and habitat heterogeneity correlate with initial seedling 
density, leaves’ fungal infection and herbivory and how all these factors combined, influence the species seedling 
survival. 

Seedling densities increased with increasing conspecific adult densities, and were highest in tree savannahs 
and on sandy-silt soils. Leaves’ fungal infection and herbivory were also positively associated with conspecific 
adult density, but were more abundantly observed in tree savannahs than in shrub savannahs. Seedling survival 
was constrained on higher slope, and negatively affected by conspecific adult density, especially in shrub 
savannahs. 

There was a strong evidence for negative density-dependence effects of conspecific adults on seedling survival, 
which operated through negative effects of herbivory and fungal infection. Habitat heterogeneity was also an 
important driver, which modulated biotic factors’ effects on seedling survival: tree savannahs promote positive 
conspecific density-dependence of seedling fungal infection and herbivory more than shrub savannahs. None
theless, seedlings were more sensitive to natural enemies in shrub savannahs, suggesting increased negative 
conspecific density-dependence effects on seedling survival in less dense vegetation, possibly as a result of 
enhanced specialization of predators and pathogens on a limited set of species. The study brings important in
sights into the mechanisms that drive the establishment and survival of the species seedling, which should be 
considered in the design of management activities aiming at the conservation of this endangered species.   

1. Introduction 

The International Union for Conservation of Nature (IUCN) classified 
Afzelia africana Sm. (Fabaceae-Caesalpinioideae), as vulnerable across 
its native range of distribution: West, Central and East Africa. However, 

recent studies and reports consistently pointed to a critical conservation 
status of the species in West Africa (Assogbadjo et al., 2017; Nacoulma 
et al., 2017) and East Africa (Biara et al., 2020), due to increased interest 
in its wood and services. There are also studies that further reported a 
number of constraints hindering A. africana natural regeneration: 
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logging activities, uncontrolled exploitation of bark and leaves for 
valuable medicinal and fodder purposes, mammal browsing, fires, and 
recruitment bottleneck at the juvenile stage (Amahowe et al., 2019; 
Ouédraogo and Thiombiano, 2012; Sinsin et al., 2004; Zida et al., 2007). 
In West Africa (e.g., Burkina Faso and Benin), studies on A. africana 
argued for the poor regeneration potential, as a result of high sensitivity 
of seedlings to fire, browsing and drought (Bationo et al., 2001, 2000) 
and increased logging pressure on adult individuals (Mensah et al., 
2014; Sinsin et al., 2004). Because early plant survival is a biological 
process structuring and shaping plant species composition and dynamic 
(Harcombe, 1987), it is important that we understand the relative 
importance of the biotic factors affecting plant survival at the early 
stages for better insights, prediction, conservation and management. It is 
equally important to assess how the species seedlings respond to abiotic 
variables, and which of the biotic and abiotic variables are likely to 
promote the species seedling survival. 

Habitat type and abiotic factors are known to define resources 
availability and utilization, species coexistence and structuring patterns 
(Comita et al., 2009; Yan et al., 2015). For instance, habitats with more 
individual trees create microsites with favorable environmental condi
tions that facilitate establishment and survival and early recruitment, as 
shown for example for conifer seedlings (Legras et al., 2010; Maher 
et al., 2005). These habitats also promote litter fall, which in turn gen
erates favorable microsites for species regeneration (Facelli and Pickett, 
1991) and promotes seedling growth or resistance to mortality through 
litter decomposition and nutrient availability (Brearley et al., 2003). 
Abiotic factors such as climate, light, soil and topography co-determine 
resources availability, which influence the distribution, abundance and 
composition of seedlings, saplings and adult trees (Comita et al., 2009; 
García-Guzmán and Benítez-Malvido, 2003). Further, topography can 
induce heterogeneity in other abiotic components such as soil moisture 
and belowground nutrients, which are important for plants (Daws et al., 
2002). For instance, slope influences gravity-driven processes and 
displacement of eroded soil material, water, and plant debris, which are 
important for stem growth; steeper slope could constrain stem me
chanical stability and growth, while increasing nutrients and water 
runoff (Mensah et al., 2016). 

Low recruitment potential can also be attributed to difficult seedling 
emergence and high mortality due to biotic processes such as plant–
plant interactions (competition or allelopathy) and plant-animal in
teractions (predation, herbivory). On the one hand (plant–plant 
interactions), heterospecific individuals and conspecific adults may 
have negative effects on initial seedling survival by competing for re
sources (Comita et al., 2009; Lin et al., 2014), either individually (via 
specific traits and growth mechanisms; Lu et al., 2015; Umaña et al., 
2018) or relatedly (via phylogenetic relatedness structure of neighbors; 
Webb et al., 2006). On the other hand (plant–animal interactions), 
abundance and proximity of conspecific adults may attract host-specific 
predators or pathogens and mammal herbivores, leading to considerable 
negative impact on survival and recruitment of natural regeneration, in 
line with the Janzen-Connell hypothesis (Connell, 1971; Janzen, 1970). 
Specialized natural enemies such as fungi, herbivores and soil pathogens 
often maintain biotic interactions with their hosts (Bagchi et al., 2014; 
Wright, 2002), which possibly increase mortality or reduce growth for 
seedlings located close to reproductive adults or in areas of high 
conspecific density, in line with the natural enemies-mediated conspe
cific negative density dependence (CNDD) mechanism. CNDD would 
eventually be strong as predators and pathogens would tend to 
specialize on a given species. Accordingly, some previous studies that 
investigated the effects of local biotic neighborhoods on seedling sur
vival have lent support to CNDD (Bai et al., 2012; Comita et al., 2009; 
Johnson et al., 2017; Queenborough et al., 2007). Nevertheless, 
conspecific positive density dependence (CPDD) can also occur if (i) 
conspecific seedlings and adult trees facilitate seedling survival of the 
focal species; (ii) habitat preferences lead to clustering of conspecifics 
(Inman-narahari et al., 2016); or (iii) as predicted by the stress gradient 

hypothesis, facilitation increases and competition decreases with higher 
abiotic stress (Bertness and Callaway, 1994; Jia et al., 2011). 

Because simply categorizing biotic neighborhood effects into con
specifics and heterospecifics may obscure the variation in the effects of 
different species on any focal species, recent studies have also suggested 
to incorporate phylogenetic relatedness structure of neighbors in biotic 
neighborhood analyses (Paine et al., 2012; Webb et al., 2006; Wu et al., 
2016). This is primarily because (i) phylogenetically close species are 
closely related, thus are more likely to share the same or similar pests 
and pathogens (Liu et al., 2012; Webb et al., 2006) and (ii) the effect of 
neighbors on a focal plant could be higher if they are phylogenetically 
similar, and lower if they are phylogenetically distant and less related 
(Cao et al., 2018; Zhu et al., 2017). Further, in a recent study, Wu et al. 
(2016) reported that a failure to account for habitat variables and 
phylogenetic relationships may obscure the importance of conspecific 
and heterospecific neighbor densities for seedling survival, also sup
porting the importance of phylogenetic relatedness structure. 

While biotic and abiotic factors are expected to play a vital role in 
maintaining species diversity in tropical forests, their mutual interaction 
and relative importance for promoting the conservation of endangered 
species is still highly debated. For instance, individual and interactive 
effect of abiotic and biotic factors may vary on temporal and taxonomic 
scales (Comita et al., 2009; Inman-narahari et al., 2016; Queenborough 
et al., 2009). On the other hand, the effect of biotic factors may strongly 
depend on that of the abiotic ones. For example, abiotic factors such as 
vegetation and soil types may differently attract natural enemies such as 
pathogens and insect herbivores that may have negative incidence on 
seedlings. Similarly, differential topographical patterns, including slope, 
elevation and aspect, modulate light and wind exposure, solar irradiance 
and soil moisture, which can change the spatial pattern of fungal out
breaks, as shown in temperate forests (Solla and Camarero, 2006). 

Here, we analysed both abiotic and biotic factors governing 
A. africana seedling establishment, natural enemies and survival. The 
study was conducted in the Pendjari Biosphere Reserve (PBR), a semi- 
arid environment located in the Sudanian zone in the north-west part 
of the Republic of Benin in West Africa. First, we explored the variation 
in seedling density, fungal infection and herbivory patterns between the 
censuses. We did this mainly to determine whether seasonality would 
influence the seedling density, fungal infection and herbivory patterns. 
Second, we evaluated the relative importance of abiotic and biotic 
drivers of A. africana seedling establishment, leaves’ fungal infection 
and herbivory. Specifically, we analysed the response of A. africana 
seedling density, leaves’ fungal infection and herbivory to conspecific 
and heterospecific biotic neighborhood and habitat heterogeneity. We 
expect (i) more seedlings with increasing conspecific adult densities and 
(ii) increased fungal infection and herbivory with increased conspecific 
seedling and adult densities. While we expected these CPDD effects 
(Fig. 1), we also expected that habitat (e.g., vegetation and soil types) 
heterogeneity would modulate A. africana seedling establishment and 
response to leaves’ fungal infection and herbivory, but we do not know 
the magnitude and direction of these effects. Third, we assessed how 
A. africana leaves’ fungal infection and herbivory, in addition to the 
habitat heterogeneity (vegetation and soil types, slope, elevation, 
number of mounds), biotic neighborhood (heterospecific density, 
conspecific adult density and species phylogenetic relatedness structure) 
determined the species seedling survival. We hypothesized that seedling 
survival would be more responsive to biotic factors than abiotic ones 
(Fig. 1), due to the microscale coverage of the study. Finally, taking into 
account habitat heterogeneity, we analysed the direct and indirect (via 
natural enemies – fungal infection, and herbivory) effects of adult biotic 
neighborhood on the species seedling survival. We hypothesized that 
habitat heterogeneity would mediate how adult biotic neighborhood 
would attract natural enemies and their influence on seedling survival. 
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2. Material and methods 

2.1. Study area 

The present study was conducted in the Sudanian zone of the Re
public of Benin. Out of the three climatic zones (Guinean, Sudano- 
Guinean, and Sudanian) covered by the country, the Sudanian zone is 
the driest. The Sudanian zone also falls under the West African semi-arid 
zone, which covers the southern parts of Senegal, Gambia, Mali, Niger, 
Chad and upper parts of Guinea-Bissau, Guinea, Togo, Benin, Nigeria, 
and Cameroon. The data used in this study were collected in the Pendjari 
Biosphere Reserve (10◦40′–11◦28′N and 0◦57′–2◦10′E) in the Sudanian 
zone. The reserve covers a total area of 4661 km2, which comprises the 
Pendjari National Park (2660 km2), the Pendjari hunting zone (1750 
km2) and the Konkombri hunting zone (251 km2). The Pendjari 
Biosphere Reserve belongs to the W-Arly-Pendjari (WAP) national parks, 
a trans-frontier network of reserves between the republics of Niger, 
Burkina Faso and Benin. 

The climate is that of West Africa semi-arid zone (750–1250 mm of 
annual rainfall), and characterized by a unimodal rainy season (May to 
October), and a dry season (October–April). The annual rainfall is 1100 
mm and annual mean temperature 26.6 ◦C (Atanasso et al., 2019). The 
vegetation is a mosaic of shrub and tree savannahs, woodlands, grass
lands, gallery forests or riparian forests and dry forests, with savannahs 
being the most dominant. These formations provide habitat to many 
species of fauna, including a great variety of bird species. The most 
dominant species include Sudanian or Sudano-Guinean species such as 
Vitellaria paradoxa C.F. Gaertn., Lannea acida L., Pterocarpus erinaceus 
Poir. Detarium microcarpum Guill. and Perr. and A. africana Sm. 

2.2. Sampling and data collection 

Data were collected following four transect-lines of 1.5 Km each, 
randomly established across four A. africana stands identified in a recent 
study (Atanasso et al., 2019). These stands cut across two main vege
tation types namely trees and shrubs savannahs. There was a minimum 
distance of 1 km between two consecutive transects. A total of 146 
permanent regeneration plots of 10 m × 10 m were established along the 
four transect lines, with a fixed distance of 40 m between two 

consecutive plots. Information on abiotic variables such as soil type, 
number of mounds, slope and elevation were recorded at plot level 
during the first census only. Three types of soils were identified: 
silty-sandy, silty-clayey and rocky. Slope was measured using a 
clinometer and varied from 0.5 to 40% while elevation, taken at the 
corner of each plot using a Global Positioning System, ranged from 216 
to 387 m. 

Within each plot, the following primary biotic data were collected: 
A. africana seedling abundance, basal diameter and stem height. Seed
lings were considered as any plant with a height < 1m. This is because at 
that stage, individual seedlings are generally highly sensitive to biotic 
and abiotic factors and mortality. Other biotic variables recorded 
included conspecific adult density, heterospecific density and natural 
enemies in each seedling biotic neighborhood (Chanthorn et al., 2013; 
Comita et al., 2009). For natural enemies, we collected information on 
fungal infection and insect and mammal herbivory on A. africana 
seedlings. Fungal infection on A. africana was measured as pre
sence/absence of gall cluster on all A. africana seedlings within each plot 
(Chanthorn et al., 2013). Similarly, herbivory (by insects and mammals) 
was measured as presence/absence of opened, cut and removed leaves. 
Data were first collected in June 2016 in the rainy season, following a 
North-South direction; each A. africana seedling identified in the first 
census, was tagged with a unique number, to facilitate further data 
collection during the two additional censuses at the beginning (October 
2016) and towards the end of dry season (March 2017), where survival 
was measured at individual level (as 1 if the seedling was identified in 
the subsequent census, and 0 if not). 

2.3. Statistical analyses 

2.3.1. Assessing the variation in seedling density, fungal infection and 
herbivory patterns between the censuses 

We expected that seedling characteristics would vary across the three 
censuses. Therefore, we used boxplots to explore the variation in seed
ling density, fungal infection and herbivory patterns between the cen
suses (Supplementary Information SI1). We performed this analysis 
mainly to determine whether seasonality would influence the seedling 
density, fungal infection and herbivory patterns. 

Fig. 1. A conceptual framework explaining (i) how seedling establishment (densities) and natural enemies (fungi and herbivores activities) are determined by habitat 
heterogeneity (via environmental filtering, and abiotic niche partitioning) and biotic neighborhood (density dependence); and (ii) how conspecific and heterospecific 
biotic neighborhood and habitat heterogeneity, in addition to natural enemies are expected to influence seedling survival. 
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2.3.2. Assessing the relative importance of abiotic and biotic drivers of 
seedling establishment, leaves’ fungal infection and herbivory 

We analysed the response of A. africana seedling density, leaves’ 
fungal infection and herbivory to conspecific and heterospecific biotic 
neighborhood and habitat heterogeneity, by testing for significant fixed 
effects of vegetation and soil types, slope, elevation, number of mounds, 
conspecific adult density and heterospecific density, using Generalized 
Linear Mixed Models (GLMM), with transect as a random factor. Seed
ling density (count data) was modelled using the negative binomial 
distribution after testing for over-dispersion with the package “qcc” in 
the R statistical software version 4.0.0 (R Core Team, 2020), and 
comparing the fits of Poisson regression, quasi-Poisson regression and 
negative binomial regression (Zuur et al., 2009). Fungal infection was 
quantified using plot level number of seedlings with fungus-infected 
leaves. Herbivory (both insect and mammal) was quantified using plot 
level number of seedlings with leaves showing both insect and mammal 
herbivory. Using the same independent variables and incorporating 
conspecific seedling diameter (hereafter stem size) as potential driver of 
natural enemies in the modelling procedure described above, we per
formed negative binomial GLMMs for fungal infection and herbivory 
separately. The GLMMs were fitted by maximum likelihood (ML) 
method (Bates et al., 2015), and for each census (Supplementary In
formation SI2). Due to the high number of independent variables and the 
likelihood of autocorrelation, a multimodel inference followed by a full 
averaging procedure using the package ‘‘MuMIn’’ (Barton, 2018), was 
performed on the negative binomial GLMMs, in order to determine 
which model best fits the data (Mensah et al., 2018b). The optimal 
models were selected based on the Akaike Information Criterion (AICc). 
Small difference (<2) in AICc between two subset models indicates that 
these models are equally supported. The model-averaged coefficients 
were obtained using the subset of models with ΔAICc <2. In addition to 
the significance of the predictors retained in the finally selected models, 
we computed for all predictors their relative importance (Supplemen
tary Information SI3). For easier interpretation of the results, bivariate 
relationships and boxplots were also constructed. Vegetation and soil 
types were treated as categorical abiotic variables. When fitted models 
showed significant vegetation and soil effects, further models were fitted 
for each vegetation and soil type to examine whether the effect of biotic 
and abiotic interactions varied with habitat heterogeneity (Supple
mentary Information SI4). 

2.3.3. Assessing seedling survival response to biotic neighborhood, leaves’ 
fungal infection and herbivory and habitat heterogeneity 

We also assessed how A. africana seedling survival was influenced by 
biotic neighborhood, leaves’ fungal infection and herbivory, and habitat 
heterogeneity. Survival was quantified at plot level as the number of 
seedlings that survived during the last census over the total number of 
seedling initially identified during the first census. In addition to 
conspecific adult density and heterospecific density which can influence 
seedling survival, previous studies have suggested to incorporate 
phylogenetic relatedness structure of neighbors in biotic neighborhood 
analyses (Paine et al., 2012; Wu et al., 2016). Accordingly, we first 
constructed a phylogenetic super-tree of all species in our plots (Sup
plementary Information SI5), using Phylomatic (http://www.phylodive 
rsity.net), which utilizes the Angiosperm Phylogeny Group III phylogeny 
as a backbone. These trees were constructed using the updated 
time-calibrated phylogeny of seed plants using multigene molecular and 
fossil data (Zanne et al., 2014). From these phylogenies, we then 
computed the plot level net relatedness index (NRI; see Webb et al., 
2006 and Zhu et al., 2017), which is the standardized effect size of the 
mean pairwise distance between species in each plot, calculated by 
comparing the observed phylogenetic relatedness to the pattern ex
pected from a null model of phylogeny randomization. 

In addition to the abovementioned habitat heterogeneity variables, 
we included hillshade, which is based on an overall consideration of 
aspect, slope, mean annual solar azimuth and altitude (or zenith) 

(Burrough and McDonell, 1998). Hillshade has been shown to have 
significant or marginally significant positive effect on survival of ever
green, shade-tolerant, and hygrophilous trees in an old-growth 
temperate forest (Zhu et al., 2017). Data on hillshade were extracted 
from a digital elevation model with a resolution of 30 m × 30 m using 
the plot coordinates and packages ‘raster’, ‘sp’ and ‘rgdal’ in R software. 
We used a generalized linear model (binomial GLM) to test for initial 
leaves’ fungal infection and herbivory, habitat heterogeneity (vegeta
tion and soil types, number of mounds, slope, elevation and hillshade), 
conspecific adult density, heterospecific density and net relatedness 
index effects on the species seedling survival. Because of the high 
number of variables and possibility of confounding effects (see Supple
mentary Information SI6), we also fitted three binomial GLMs, sepa
rately for (i) habitat heterogeneity (vegetation and soil types, number of 
mounds, slope, elevation and hillshade; i.e. ‘habitat’ model), (ii) 
conspecific adult density, heterospecific density and net relatedness 
index (i.e. ‘community’ model), and (iii) fungal infection and herbivory 
(i.e. ‘natural enemies’ model). Note that because of the high number of 
predictors for the ‘habitat’ model, we additionally performed a step-wise 
elimination of non-significant effects (p-value > 0.05) to select the best 
fitting model. 

Finally, we used Structural Equation Modelling (SEM) to test for 
possible mediation by natural enemies (fungal infection and herbivory) 
of the adult biotic neighborhood effect on seedling survival, in addition 
to habitat heterogeneity. To simplify the analytical framework of the 
SEM, we only considered the independent variables that were significant 
in the previous models, and combined fungal infection and herbivory 
into a defined latent variable termed as “natural enemies” (Mensah 
et al., 2020a). We fitted two separate SEMs respectively for the two 
vegetation types (tree savannahs and shrub savannahs), testing for 
seedling survival response to conspecific adult density via natural en
emies (fungal infection and herbivory), in addition to the effects of 
terrain slope and elevation (which were retained in the GLMs). Prior to 
the SEMs, data were transformed for linearity. The SEMs were fitted 
using “lavaan” package (Rosseel, 2012) in the R statistical software. The 
goodness of fit of the SEM was assessed using the Chi square statistic, 
comparative fit index (cfi), and root mean square error of approximation 
(rmsea) (Grace and Bollen, 2005; Mensah et al., 2020b, 2018a). 

3. Results 

Seedling density generally decreased over time from the first census 
to the final (SI1). A significant decline was observed between the second 
census (beginning of dry season) and the third census (end of the dry 
season). In contrast, leaves’ fungal infection and herbivory did not differ 
significantly between the first and second censuses (SI1). 

3.1. Effects of biotic neighborhood and habitat heterogeneity on 
A. africana seedling density, leaves’ fungal infection and herbivory 

Results of the initial and finally selected negative binomial GLMMs 
are presented in SI2 and Table 1, respectively. There were significant 
effects of conspecific adult density, vegetation and soil types on 
A. africana seedling density (Table 1; SI2). Initial seedling densities 
increased significantly (β = 0.61; p < 0.001; Table 1) with increasing 
conspecific adult densities (Fig. 2). Shrub savannahs showed a regres
sion coefficient which was 1.28 significantly lower than that of the 
baseline (i.e. tree savannahs), indicating that seedling densities were 
higher in tree savannahs than in shrub savannahs (Fig. 2). Sandy silt 
soils also exhibited higher seedling densities than silty clay and rocky 
soils (β = 1.06; p < 0.001; Table 1; see also Fig. 2). In general, the most 
important factors for A. africana seedling density are conspecific adult 
density, vegetation and soil types (Fig. 3). Unlike these factors, hetero
specific density and elevation showed non-significant effects, although 
being retained in the final model (Table 1). 

Increasing conspecific adult density also increased significantly 
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fungal infection (β = 0.035; p = 0.004; Table 1) and herbivory (β =
0.035; p = 0.001; Table 1). On the other hand, fungal infection and 
herbivory decreased in shrub savannahs compared to tree savannahs (β 
= - 0.051 and – 0.041, respectively; p < 0.05; Table 1; Fig. 2). In 
addition, seedling herbivory was higher on sandy silt soils compared to 
other soil types (Table 1; Fig. 2). Overall, for the first two censuses, 
conspecific adult density and vegetation type were the most important 
variables of seedling density, fungal infection and herbivory. For the 
third census, the relative importance of conspecific density for seedling 
density decreased while slope became more important (SI2; SI3). 

3.2. Habitat heterogeneity dependent effect of conspecific adult density on 
A. africana seedling density, fungal infection and herbivory 

Vegetation and soil types were the most important habitat hetero
geneity factors for seedling densities, fungal infection and herbivory 
(Table 1). Further analyses revealed significant increase in initial 

A. africana seedling densities with increasing conspecific adult density 
only in tree savannahs, and on sandy silt and rocky soils (Table 2; SI4). 
On the other hand, slope showed negative and significant influence on 
A. africana seedling densities in tree savannahs only (Table 2; SI4). 

The positive effect of conspecific adult density on fungal infection 
and herbivory varied with vegetation types. Increasing conspecific adult 
density significantly increased both fungal infection and herbivory in 
tree savannahs (β = 0.40; p = 0.029 for fungal infection and β = 0.42; p 
= 0.025 for herbivory; Table 2; SI4), unlike shrub savannahs where a 
positive but non-significant positive association was noted (p < 0.2; 
Table 2; SI4). 

3.3. Biotic and abiotic drivers of A. africana seedling survival 

Factors such as soil type, hillshade and number of mounds did not 
show any significant effects, and were left out of the final selected model 
(Table 3; SI6) after performing stepwise selection procedure on the 

Table 1 
Final selected model resulting from the multi-model inference on the GLMM with biotic and abiotic factors influencing initial (first census) seedling densities, leaves’ 
fungal infection and herbivory. Graphical representation of significant effects are presented in Fig. 2. The original fitted full models for the three censuses are presented 
in supplementary information SI2. P-values lower than 0.05 are indicated in bold. Legend: Est coefficient estimate; adj.SE adjusted standard error.  

Explanatory variables Initial seedling density Fungal infection Herbivory 

Est±adj.SE Pr(>|z|) Est±adj.SE Pr(>|z|) Est±adj.SE Pr(>|z|) 

Conspecific adult density 0.611 ± 0.172 <0.001 0.035 ± 0.012 0.004 0.035 ± 0.010 0.001 
Heterospecific density 0.080 ± 0.137 0.558 0.008 ± 0.012 0.497 0.002 ± 0.006 0.757 
Vegetation: Shrub savannah − 1.283 ± 0.406 0.002 − 0.051 ± 0.019 0.007 − 0.041 ± 0.014 0.002 
Soil type: Sandy silt 1.063 ± 0.412 0.010 0.016 ± 0.018 0.386 0.030 ± 0.014 0.026 
Soil type: Rocky − 0.119 ± 0.522 0.820 − 0.008 ± 0.016 0.632 − 0.011 ± 0.016 0.471 
Elevation − 0.005 ± 0.006 0.392 − 0.010 ± 0.017 0.546 − 0.004 ± 0.010 0.679 
Slope – – − 0.010 ± 0.017 0.571 − 0.006 ± 0.014 0.644  

Fig. 2. Relationship of plot-level conspecific adult density, vegetation and soil types with initial seedling density, fungal infection and herbivory (first census).  
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initial fitted model. However, we found significant negative effect of 
elevation (β = − 0.013; p = 0.003; Table 3; SI7) and slope (β = − 0.051; p 
= 0.003; Table 3; SI7). Vegetation type also affected seedling survival, 
with tree savannahs showing regression coefficient which was 0.96 
significantly higher than that of shrub savannahs (Table 3; SI7). On the 
other hand, conspecific adult density negatively influenced seedling 
survival (β = − 0.45; p < 0.001; Table 3; SI7), but the net relatedness 
index and heterospecific density showed no significant effects (p >
0.05). Similarly, fungal infection and herbivory did not show any sig
nificant effects on seedling survival. 

3.4. Mediation role of fungal infection and herbivory in linking 
A. africana seedling survival response to conspecific adult density 

Because seedling survival showed significant response to conspecific 

adult density (Table 3), the mediation effects of fungal infection and 
herbivory were analysed using SEMs. The outputs of the SEMs testing for 
seedling survival response to conspecific adult density via fungal 
infection and herbivory, revealed chi-square values of 13.27 (p = 0.039) 
and 3.49 (p = 0.745), respectively for tree savannahs and shrub sa
vannahs SEMs. Of the two SEMs, only that of shrub savannahs showed 
satisfactory statistics (p > 0.05; cfi = 1.0, and rsmea = 0; Fig. 4), indi
cating good fit and absence of significant deviations between the data 
and the model. Accordingly, conspecific adult density had significant 
positive direct effect on both fungal infection and herbivory (β = 0.46; p 
= 0.011; Table 4), which in turn showed negative and significant effect 
(β = - 0.42; p = 0.048; Table 4; Fig. 4) on seedling survival in shrub 
savannahs. 

4. Discussion 

While several studies have shed light into the general drivers of the 
low recruitment potential in A. africana, most of these studies primarily 
pointed to negative effects of human disturbance, especially tree har
vesting, branch and bark pruning on adult trees (Nacoulma et al., 2017; 
Sinsin et al., 2004), climatic and seasonal patterns (Assogbadjo et al., 
2017; Mensah et al., 2014), and to some extent, fire and browsing 
(Bationo et al., 2001), which have appeared to be more anecdotal than 
analytic. In strictly protected areas, human disturbance effects can be 

Fig. 3. Relative importance of biotic and abiotic factors used as predictors of initial seedling density, fungal infection and herbivory. The patterns for the additional 
two censuses are presented in SI3 and SI4. 

Table 2 
Coefficient estimates of the models testing for A. africana initial seedling den
sities, leaves fungal infection and herbivory response to biotic and abiotic factors 
for (i) each vegetation separately and (ii) each soil type separately. Only coef
ficient estimates are given here; detailed statistics are presented in SI4. Estimates 
with p values lower than 0.05 are in bold and the level of significance is indi
cated by “*” for <0.05 and “**” for <0.01.   

Vegetation type Soil type 
Shrub 

savannah 
Tree 

savannah 
Silty 
clay 

Sandy 
silt 

Rocky 

Initial seedling densities 
Elevation − 0.021 0.003 − 0.063 − 0.005 0.000 
Slope 0.046 ¡0.053* 0.106 0.127 − 0.029 
Conspecific adult 

density 
0.981 0.404* − 0.640 1.772** 0.566** 

Heterospecific 
density 

0.337 0.096 0.584 0.227 0.015 

Fungal infection 
Conspecific adult 

density 
1.181 0.403*    

Heterospecific 
density 

0.341 0.141    

Elevation − 0.017 0.001    
Slope 0.103 − 0.045    
Herbivory 
Conspecific adult 

density 
0.881 0.422*    

Heterospecific 
density 

0.172 0.171    

Elevation − 0.019 0.007    
Slope 0.059 0.074*     

Table 3 
Results of the ‘habitat’, ‘community’ and ‘natural enemies’ models testing the 
influence of biotic and abiotic factors on A. africana seedling survival. The 
integrative full model is presented in SI6.   

Estimate Std. Error z/t value p value 

‘habitat’ model 
(Intercept) 4.371 1.014 4.309 <0.001 
Elevation − 0.013 0.004 − 3.012 0.003 
Slope − 0.051 0.017 − 2.937 0.003 
Vegetation: Tree savannah 0.968 0.277 3.496 <0.001 
‘community’ model 
(Intercept) 1.507 0.247 6.112 <0.001 
Heterospecific density 0.239 0.123 1.953 0.051 
Conspecific adult density − 0.450 0.102 − 4.411 <0.001 
Net relatedness index − 0.177 0.174 − 1.018 0.309 
‘natural enemies’ model 
(Intercept) 0.763 0.248 3.085 0.002 
Herbivory 0.309 0.235 1.314 0.189 
Fungal infection 0.332 0.202 1.646 0.100  
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ruled out, and both abiotic and biotic processes are expected to modu
late tree seedling establishment and survival. The present study adds 
insights into the biotic and abiotic drivers of the species recruitment in a 
protected biosphere reserve. After monitoring the dynamics of 
A. africana seedlings across both dry and rainy seasons, we found that 
microscale habitat heterogeneity (slope, elevation and vegetation type) 
and biotic neighborhood (conspecific adult density, fungal infection and 
herbivory) are the main drivers of A. africana seedling establishment and 
survival. Specifically, we found that (i) seedling density increased with 
increasing conspecific adult density, and were higher in tree savannahs 
than shrub savannahs; (ii) seedling leaves’ fungal infection and her
bivory were positively associated with conspecific adult density, and 
were more frequent in tree savannahs; (iii) seedling survival was 

constrained on higher slope; (iv) there was a lower potential for seedling 
survival in shrub savannahs, and with increasing conspecific adult 
density and (v) conspecific adult density promoted seedling leaves’ 
fungal infection and herbivory, which in turn reduced seedling survival 
especially in shrub savannahs. 

4.1. Conspecific positive density-dependence effects on A. africana 
seedling establishment, leaves’ fungal infection and herbivory 

Conspecific neighborhood had the strongest influence on A. africana 
seedling density, leaves’ fungal infection and herbivory. Seedling den
sity, leaves’ fungal infection and herbivory increased with increasing 
density of conspecific adult trees, indicating a CPDD. Our finding cor
roborates with previous studies that reported the occurrence of CPDD in 
tropical (Chanthorn et al., 2013; Comita et al., 2009; Inman-narahari 
et al., 2016) and temperate forests (Kuang et al., 2017) and extends the 
generality of CPDD to tropical savannah ecosystems. Seedling density 
was higher where the density of conspecific adult neighbors was higher 
probably due to dispersal limitation. This finding suggests that dispersal 
limitation is an important factor modulating tree seedling dynamics in 
tropical savannahs as reported earlier by Kuang et al. (2017) for 
temperate forests. Moreover, the CPDD effects on seedling density may 
be explained by similar habitat preferences of both seedlings and 
conspecific adults and facilitation whereby conspecific adults create 
favorable environments that increase the likelihood of seedling estab
lishment, resulting in high seedling density (Comita et al., 2009). The 
positive effect of conspecific adult density on leaves’ fungal infection 
and herbivory may be attributed to the specialization of A. africana 
foliar pathogens and herbivores responsible for the leaves’ infection and 
damage (Connell, 1971; Janzen, 1970), implying an increase in the 
prevalence of the natural enemies with increasing density of conspecific 
hosts. However, we found that the relative importance of CPDD 
decreased over time in favor of the abiotic factors, as evidenced by the 
absence of CPDD effect and the significant effects of vegetation and 
slope on seedling density for the last census (SI2; SI3). Thus, the findings 
suggest that the strength of CPDD may decrease with time in tropical 
savannah ecosystems, possibly due to a shift in the relative importance 
of different biotic and abiotic interactions over time (SI3; SI4). 

Fig. 4. Structural Equation Model-fit statis
tics and path summary relating seedling 
survival to conspecific adult density, fungal 
infection and herbivory, in addition to the 
effects of terrain slope and elevation. The 
single-pointed arrows represent causal 
paths. The values without parentheses are 
the standardized path coefficients. Signifi
cant paths (p < 0.05) are represented with 
black arrows and non-significant paths (p >
0.05) by grey arrows. The values with pa
rentheses are the coefficients of determina
tion, indicating the total variation in a 
dependent variable that is explained by the 
combined independent variables. Detailed 
statistics and significance of paths are shown 
in Table 4.   

Table 4 
Summary of the SEMs testing the indirect (via natural enemies – fungal infec
tion, and herbivory) effects of conspecific adult neighborhood on the species 
seedling survival. Est: path standardized coefficients; SE: standard error.  

Path Est. SE z value p 
value 

Tree savannah 
From Slope to Seedling survival − 0.39 0.27 − 1.50 0.134 
From Elevation to Seedling survival − 0.03 0.28 − 0.09 0.926 
From Conspecific adult density to Natural 

enemies 
0.20 0.18 1.12 0.263 

From Natural enemies to Seedling survival 0.18 0.17 1.08 0.280 
Model Fit statistics 
Comparative fit index 0.898    
root mean square error of approximation 0.235    
Chi square statistic 13.268    
P-value 0.039    
Remark Rejected    
Shrub savannah 
From Slope to Seedling survival − 0.16 0.27 − 0.61 0.542 
From Elevation to Seedling survival − 0.18 0.26 − 0.70 0.482 
From Conspecific adult density to Natural 

enemies 
0.46 0.18 2.54 0.011 

From Natural enemies to Seedling survival − 0.42 0.21 − 1.97 0.048 
Model Fit statistics 
Comparative fit index 1.000    
root mean square error of approximation 0.000    
Chi square statistic 3.495    
p value 0.745    
Remark Accepted     
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4.2. Density-dependent seedling establishment, leaves’ fungal infection 
and herbivory vary with vegetation and soil type 

Our results suggest that habitat heterogeneity (vegetation and soil 
types) modulates how conspecifc adult density affects A. africana seed
ling establishment, leaves’ fungal infection and herbivory (Table 2). As 
hypothesized, we found evidence of positive conspecific density- 
dependent seedling establishment, fungal infection and herbivory, 
which was more significant in tree savannahs than shrub savannahs, and 
on sandy silt and rocky soils than silty clay soil. These results indicate 
that the magnitude of the conspecific density-dependent effects varied 
with the habitat, which may reflect habitat preferences resulting from 
environmental filtering (Cao et al., 2018; Zhu et al., 2015). The signif
icant CPDD effects on A. africana seedling density, fungal infection and 
herbivory in tree savannahs unlike shrub savannahs can be explained by 
the facilitation of seedling establishment and occurrence of host-specific 
pathogens and herbivores by conspecific adult trees through shading, 
which lowers heat and water stress (Sack, 2004; Semchenko et al., 2012) 
and favors seedling growth and proliferation of pathogens and herbi
vores. In fact, we found that tree savannahs in the study area had a 
denser vegetation (i.e., greater canopy closure; pers. obs.) and higher 
density of conspecific adult trees (123 trees ha− 1) than shrub savannahs 
(60 trees ha− 1), which would probably result in lower available 
understorey light in the former habitat. Moreover, shading may increase 
the activity of pathogens and herbivores due to low irradiance (Aug
spurger, 1984; Inman-narahari et al., 2016). Hence, tree savannahs have 
habitat characteristics that promoted the positive effects of conspecific 
density-dependence on seedling density, fungal infection and herbivory 
more than shrub savannahs through habitat filtering. 

Similarly, the effects of CPDD depended on soil types, with high 
conspecific adult density resulting in higher seedling density, fungal 
infection and herbivory on sandy silt and rocky soils. This interactive 
effect of CPDD and soil types indicates that soil structure and conditions 
(e.g., nutrient and water availability) may be an important factor that 
mediates A. africana seedling establishment, leaves’ fungal infection and 
herbivory response to conspecific density-dependence. Indeed, soil type 
mediates the density of plant, and the direct relationships are built on 
adult density and seedling density, leaves’ fungal infection and herbiv
ory (SI8). However, the mechanism behind this interaction remains 
unknown, particularly considering the qualitative assessment of soil 
conditions in this study. The significant CPDD on sandy silt and rocky 
soils could be consistent with the stress gradient hypothesis (Bertness 
and Callaway, 1994; Jia et al., 2011), which posits that facilitation in
creases under stressful conditions, if we assume that sandy silt and rocky 
soils have lower nutrient content and soil water retention capacity than 
silty clay soil. However, further study will be necessary to unravel the 
main (e.g., soil physical and chemical properties, management prac
tices) and underlying (e.g., slope, elevation) covariates responsible for 
the observed interaction between CPDD and soil types and confirm the 
stress gradient hypothesis. Overall, the abiotic characteristics of the 
habitat a seedling finds itself in influence how the biotic neighborhood 
impacts on its growth dynamics and natural enemies’ activity. 

4.3. Habitat heterogeneity and conspecific negative density dependence 
drive A. africana seedling survival 

Our results also suggest a lower potential for seedling survival with 
increasing conspecific adult density, in shrub savannahs, and on higher 
terrain slope and elevation (Table 3). Previous studies showed that 
topography profoundly affects abiotic conditions which, in turn, influ
ence the structure, function, and dynamics of ecological communities 
(Fortunel et al., 2018; Jucker et al., 2018). In plant communities, local 
topographic heterogeneity is linked with a broad set of abiotic condi
tions (e.g., soil water availability, nutrient content and soil texture, 
microclimate, exposure, flood regimes) that can influence stand struc
ture, dynamics, and composition (Chadwick and Asner, 2016; Uriarte 

et al., 2018). Afzelia africana seedling survival was influenced by topo
graphical factors, particularly slope and elevation. Seedling survival was 
potentially lower on higher terrain slope and elevation. These results 
therefore suggest that even small variations in topographical parameters 
mainly slope (range of slope values) and elevation (range of elevation) 
modulate early survival, possibly through displacement of eroded soil 
material, water, and plant debris (Yang et al., 2018). For instance, water 
run-off is expected to increase at higher slope, leading to greater loss of 
topsoil, which in turn may constrain plant establishment and survival, 
due to loss of nutrients and mechanical instability. On lower slope sites, 
plants will benefit more from the accumulation of nutrients and reduced 
run-off. Our results therefore confirm the general patterns that the 
structure and composition of plant communities are shaped by topo
graphical filtering; specifically, A. africana seedlings were revealed to be 
very sensitive to high topographical patterns. 

Afzelia africana seedling survival was also influenced by the vege
tation types. In addition to the significant slope and elevation effects on 
survival, the study showed that shrub savannahs did not facilitate sur
vival. Two possible reasons could explain the lower potential for seed
ling survival in shrub savannahs compared to tree savannahs. First, this 
may be inherently related to the lower conspecific adult density in shrub 
savannahs, through limited production and availability of seeds, as 
compared to tree savannahs. The second, and most plausible argument is 
that specialization of natural enemies (pathogens and herbivory, which 
negatively affect survival) is likely higher in less dense vegetation, and 
substantially lethal for the species seedling. 

Conspecific adult density also negatively influenced seedling sur
vival, indicating that A. africana seedlings surrounded by higher density 
of conspecific adult showed lower survival, despite being abundant 
(section 5.1). As seedlings are often aggregated around the nurse trees, it 
is likely that they suffer strong intra- and interspecific competition for 
resources and are also easy prey for natural enemies. In contrast, we did 
not detect any significant heterospecific density effect on seedling sur
vival, which corroborates with previous studies that reported no clear 
trend between heterospecific neighbor density and plant survival (Zhu 
et al., 2015). Therefore, the interspecific interaction effects may be ruled 
out, and the significant negative effects of conspecific adult density 
suggest that CNDD effects control early seedling survival in A. africana. 
This is also consistent with recent conclusions that conspecific density 
negatively affects seedling survival (Comita et al., 2009; Johnson et al., 
2017; Zhu et al., 2015). For instance, Zhu et al. (2015) in the tropical 
forest of Barro Colorado Island showed that seedlings were negatively 
impacted by their conspecific adult neighbors at the early life stages. 
Further, there are insights that the importance of CNDD effects vary with 
seedling size and conspecific life stage (Yan et al., 2015; Zhu et al., 
2015), possibly due to ontogenetic shifts in plant defense and tolerance 
(Boege and Marquis, 2005). Interestingly, few studies conducted in West 
Africa suggest that tree seedling survival and establishment are highly 
susceptible to beyond water stress, nutrient shortage and shade, her
bivory and fires (Bationo et al., 2001; Zida et al., 2007). The CNDD ef
fects on A. africana seedlings as revealed in this study, are possibly 
mediated through biotic interactions, especially competition and natu
ral enemies such as fungi and herbivores (Fig. 4; Table 4), as also shown 
in the Barro Colorado Island forest and other forests (Liu et al., 2012; 
Mangan et al., 2010). 

4.4. Fungal infection and herbivory as drivers of conspecific negative 
density dependence effects on A. africana seedling survival 

Our initial result (Table 1) suggests that A. africana seedlings that 
occur close to the conspecific adults are subject to specialized natural 
enemies such as pathogens and insect herbivores, in line with the Jan
zen–Connell hypothesis (Connell, 1971; Janzen, 1970). We further 
predicted that the strong CNDD at the seedling stage found in this study 
(Table 3) was driven predominantly by specialist natural enemies such 
as pathogenic fungi and herbivores. However, unlike conspecific adult 
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density, fungal infection and herbivory were not retained as significant 
factors in the final GLMs testing the effects of abiotic and biotic factors 
on individual seedling survival, suggesting confounding or correlated 
effects between natural enemies and conspecific adult density (Table 3; 
SI6). Interestingly, the results of the SEMs fitted for plot level data 
revealed that conspecific adult density promoted seedling leaves’ fungal 
infection and herbivory, which in turn reduced seedling survival espe
cially in shrub savannahs (see Table 4; Fig. 4). Therefore, the negative 
effects of conspecific adult density are partly the result of activities of 
attracted host-specific natural enemies (fungi, insect and mammal her
bivores) on seedlings. In other words, fungal infection and herbivory 
mediate the negative effects of conspecific adult density on seedling 
survival. Studies by Bationo et al. (2001) and Ouédraogo-Koné et al. 
(2008) reported that herbivore pressures through seedlings consump
tion and trampling hinder seedling survival and regeneration process of 
the species. However, our findings further suggest habitat-dependent 
mediation by fungal infection and herbivory of conspecific adult den
sity on seedling survival. 

4.5. Negative conspecific density-dependence effects on seedling survival 
in shrub savannahs: do less dense habitats enhance specialization of 
predators and pathogens? 

We found evidence of negative conspecific density-dependent seed
ling survival, which was more significant in shrub savannahs than tree 
savannahs. This result suggests that the magnitude of these effects var
ied with the habitat. Our results further support previous studies that 
showed that CNDD effects may vary with time, life stage, habitat and 
species (Comita et al., 2009; Johnson et al., 2017; Zhu et al., 2015). 
Interestingly, we found that despite the significant CPDD effects on 
seedling fungal infection and herbivory in tree savannahs (Table 1), 
seedlings were more sensitive to natural enemies in shrub savannahs 
than in tree savannahs (Table 4; Fig. 4). Our results therefore imply that 
habitat also modulates biotic interactions and effects on A. africana 
seedling survival; the increased survival in tree savannahs despite CPDD 
effects on seedling fungal infection and herbivory can result from less 
specialization of pathogens and predators where resources are abun
dant; hence seedlings may escape mortality probably because of less 
specialization of pathogens and predators in denser vegetation. Unlike 
tree savannahs, the CNDD effects on seedling survival in shrub savan
nahs suggests that less dense vegetation seems to facilitate specialization 
of predators and pathogens on limited set of species, which may lead to 
greater pathogen-induced mortality of seedlings in shrub savannahs. 
More research is needed to determine whether these differential 
conspecific density-dependence effects result from increased predators 
and pathogens but less specialization in tree versus shrub savannahs. 

5. Conclusion and management perspectives 

This study examined the relative importance of abiotic and biotic 
drivers for a tropical tree species seedling survival in a dryland 
ecosystem. The context of the study being a dryland ecosystem brings in 
an interesting perspective, since most studies of CNDD have been con
ducted in wetter forests or grasslands. However, it should be noted that 
the study only examined leaf fungal infection and herbivory as natural 
enemies, and mortality could have also been caused by damping off 
diseases or root infections (plant-soil feedback) as well, which could not 
be assessed here. Further, while the limitation of the study to only one 
species may undermine the generalization of the results to community- 
wide implications of CNDD and CPDD in dry ecosystems, the inclusion of 
the heterospecific aspects and phylogeny structures takes into account 
the possible plant-plant interaction at community level. Overall, we 
found that while seedling densities and rates of herbivory and fungal 
infection correlated positively with adult densities, seedling survival 
declined overtime with greater density of conspecific adults, and on 
higher slope. There was further evidence that herbivory and fungal 

infection mediated negative relationship between conspecific adults and 
seedling survival, and more particularly in shrub savannahs. Therefore, 
the study brings important insights into the mechanisms that drive the 
regeneration/survival of the species, which could be used as a basis for 
the design of management activities aiming at the conservation of this 
endangered species. 

From a management perspective, our results suggest that plantations 
of A. africana should favor mixed-species plantation to limit fungal 
infection and herbivory on seedlings consistent with the biotic resistance 
hypothesis. The finding that seedlings were more sensitive to natural 
enemies in shrub savannahs suggests that similar management actions 
should not be envisaged in degraded shrub and tree savannahs. In 
particular, there should be more efforts in shrub savannahs to ensure 
that seedlings planted survive and recruit to further stages (e.g. sap
lings). Because seedling survival was constrained on higher slope, 
enrichment campaigns to plant or restore A. africana on terrains with 
higher slope might require more efforts (e.g., a relatively higher density 
of seedlings at initial planting stage might maximize the number of in
dividuals at later stages). In addition, areas with appropriate/suitable 
topographical conditions such as low slope and elevation may be tar
geted for enrichment. For the purpose of assisting the natural regener
ation of the species, we recommend that management activities are 
directed towards areas with high abundance of conspecific adult trees, 
which are also areas prone to high seedling densities and high fungal 
infections and herbivory (both insects and mammals). The application of 
fungicides and insecticides could be proposed to reduce the fungal 
infection and insect herbivory near the conspecific adults in human- 
made plantations. 
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2014. Effect of human disturbance and climatic variability on the population 
structure of Afzelia africana Sm. ex pers. (Fabaceae-Caesalpinioideae) at country 
broad-scale (Bénin, West Africa). South Afr. J. Bot. 95, 165–173. https://doi.org/ 
10.1016/j.sajb.2014.09.008. 

Mensah, S., Salako, V.K., Assogbadjo, A.E., Glèlè Kakaï, R., 2018b. Differential responses 
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