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Structural heterogeneity 
modulates the effects of stem 
density on standing biomass in 
mature dry Isoberlinia woodlands
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of Plant and Soil Sciences, University of Pretoria, Pretoria, South Africa

Introduction: While the impacts of forest structural attributes on above-ground 
biomass (AGB) has been largely documented in closed-canopy forests, much 
less is known in dry forests, where water rather than light drives biomass accu-
mulation. In particular, little is known about how AGB of Isoberlinia spp. stands, a 
dominant ecosystem of dry West Africa, is shaped by structural attributes.
Methods: To overcome this gap stem density, summed crown projection area 
(SCPA), and tree diameter at breast height (DBH) were measured in forty 400 
m2 plots established in young and mature Isoberlinia spp. stands in the Sudano-
Guinean zone of Benin. AGB was estimated using an allometric model, and a 
piecewise structural equation model (pSEM) was developed to analyze the direct 
and indirect effects of stem density, SCPA, and the coefficient of variation of the 
diameter at breast height (CVDBH) on AGB.
Results: In young stands (442.50 ± 34.51 stems/ha on average), higher stem 
density had a significantly negative direct effect on AGB (β = −0.95, p < 0.001), 
while SCPA influence remained non-significant. In mature stands (255 ± 32.04 
stems/ha on average), increase in stem density also had a significant direct 
negative effect on AGB. In addition, higher CVDBH significantly reduced AGB 
(β = −0.32, p = 0.04), while denser SCPA showed a positive but non-significant 
trend (β = 0.19, p = 0.49). Whatever the stand stage, there was no indirect effects 
of stem density through SCPA and CVDBH.
Discussion: Our results provide actionable insights for managing Isoberlinia 
woodlands: density regulation is critical in young stands to optimize individ-
ual growth, while maintaining moderate diameter heterogeneity (intermediate 
CVDBH values at 15%) is essential in mature stands, as excessive structural vari-
ability can reduce AGB. These findings contribute to both local resource needs 
and broader climate mitigation goals by enhancing standing AGB while preserv-
ing ecosystem integrity.
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Introduction

African tropical dry forests play a crucial role in biodiversity con-
servation and carbon storage, serving essential ecological functions in 
climate regulation and wildlife conservation, while providing a pri-
mary source of wood products for local populations (Kouassi et al., 
2021; Axer et al., 2022). However, these ecosystems face increasing 
anthropogenic pressures from growing demand for fuelwood and 
timber, necessitating a deeper understanding of the structural factors 
that drive standing above-ground biomass (AGB) to ensure sustain-
able forest management (Bellefontaine et al., 2015; Sanon et al., 2019).

Understanding how forest structural characteristics influence 
AGB is critical for developing effective management strategies in 
tropical dry forests. Three key structural parameters have been identi-
fied as major drivers of AGB: stem density, canopy structure, and size 
heterogeneity (Gadow et al., 2012; Zhang and Chen, 2015). The rela-
tionship between stem density and AGB is complex and context- 
dependent. In closed-canopy forest, the self-thinning law predicts 
that initially high stem density triggers intense intraspecific competi-
tion for resources, resulting in density-dependent mortality and 
stands composed of numerous small individuals with lower total AGB 
than less dense stands with larger trees (Pretzsch and Biber, 2016). 
However, the sign and magnitude of density effects on AGB vary 
across forest types, developmental stages, and environmental condi-
tions (Ali et al., 2019; Mensah et al., 2023). Canopy structure, quanti-
fied through summed crown projection area (SCPA the sum of 
individual tree crown projection areas scaled to stand level), reflects 
the stand’s light interception capacity and photosynthetic potential. 
Greater SCPA is generally associated with higher AGB in light-limited 
forests (Sharma et al., 2008; Pretzsch, 2014; Nam et al., 2018). 
Structural heterogeneity, commonly measured by the coefficient of 
variation of diameter at breast height (CVDBH), captures the coexis-
tence of trees at different developmental stages within a stand. 
According to the selection effect hypothesis, high diameter variation 
in monospecific stands reflects asymmetric competition where domi-
nant individuals monopolize resources at the expense of suppressed 
individuals, leading to suboptimal resource use at the stand level and 
potentially lower total AGB (Grime, 1998; Poorter et al., 2015; Abbasi 
et al., 2023).

Tropical dry woodlands dominated by Isoberlinia spp., known as 
miombo-type formations in West Africa, present distinct ecological 
characteristics that may alter these well-established AGB-structure 
relationships. These ecosystems experience pronounced seasonal 
water stress, with a dry season lasting 5 to 7 months and monthly 
rainfall below 50 mm during the driest period, making water the pri-
mary limiting resource (Frost, 1996; Sankaran et al., 2005). This water 
limitation results in characteristically open canopy structures, with 
typical crown coverage below 25–30%, contrasting sharply with 
closed-canopy tropical moist forests where canopy closure often 
exceeds 80–90% (Chidumayo, 2013). Tree regeneration in Isoberlinia 
woodlands occurs primarily through vegetative root suckering rather 
than seed establishment, leading to spatially aggregated patterns of 
densely clustered stems originating from shared root systems 
(Dourma et al., 2009, 2012). This clonal regeneration strategy creates 
a distinctive stand structure characterized by patches of high stem 
density interspersed with more open areas. Additionally, fire is a 
recurrent disturbance that maintains the open structure, stimulates 
vegetative regeneration, and influences demographic processes and 
size distributions (Holdo, 2007; Staver et al., 2011).

Therefore, unlike closed-canopy temperate or tropical moist for-
ests where light competition predominantly structures communities 
and drives productivity patterns (Pacala et al., 1996), Isoberlinia wood-
lands are characterized by a fundamental shift toward belowground 
competition for water and nutrients as the primary limiting factors 
(Sankaran et al., 2005; February et al., 2013). This ecological difference 
has critical implications for understanding AGB-structure relation-
ships in these systems. In closed forests, self-thinning operates at the 
stand level as dense canopies trigger stem density-dependent mortal-
ity through light limitation (Weiner, 1990). By contrast, in Isoberlinia 
woodlands where most of the ground surface receives direct sunlight, 
self-thinning likely occurs locally within regeneration clusters through 
belowground competition rather than at the stand scale (Ryan and 
Yoder, 1997). This localized competitive dynamic suggests that stem 
density effects on AGB may be mediated more by belowground 
resource limitation than by aboveground light competition. The impli-
cations extend to canopy structure as well. In light-limited forests, 
trees in dense stands develop narrow, vertically-elongated crowns to 
compete for canopy space, leading to strong negative relationships 
between stem density and individual crown area (Pretzsch, 2014). 
However, in water-limited woodlands, lateral crown expansion may 
be less constrained by neighbors in terms of light interception but 
more fundamentally limited by the belowground resources needed to 
support crown maintenance (February et al., 2013). Consequently, the 
stem density-SCPA relationship may differ substantially from patterns 
observed in closed forests. Similarly, the interpretation of size hetero-
geneity requires careful consideration in these systems. While 
CVDBH in closed forests typically reflects competitive hierarchies 
driven by differential light access (Coates et al., 2009; Binkley et al., 
2010), in Isoberlinia woodlands it may primarily reflect the clustered 
regeneration pattern dense aggregations of small vegetative shoots 
adjacent to scattered large seed-origin trees rather than purely com-
petitive suppression. This distinction is crucial for interpreting 
CVDBH-AGB relationships, as high structural heterogeneity may 
result from regeneration strategy rather than indicating intense ongo-
ing competition.

Despite the ecological and economic importance of Isoberlinia 
woodlands covering approximately 2.7 million km2 across sub-Saha-
ran Africa and supporting millions of rural livelihoods (Gumbo and 
Dumas-Johansen, 2021) quantitative assessments of AGB-structure 
relationships in these systems remain limited. Most existing research 
on stand structure and AGB has focused on closed-canopy forests 
where light competition dominates (Zhang and Chen, 2015; Ali et al., 
2019), leaving considerable uncertainty about whether these findings 
apply to open, water-limited woodlands where fundamentally differ-
ent competitive regimes operate. Several critical questions remain 
unresolved. It is unclear whether stem density effects on AGB operate 
through similar mechanisms in open versus closed forests, or if the 
shift from light to water limitation fundamentally alters these relation-
ships. The role of SCPA in water-limited systems where light is abun-
dant, but water scarce also requires investigation, as does the effect of 
structural heterogeneity when CVDBH reflects regeneration patterns 
and clonal structure rather than purely competitive hierarchies. In 
West Africa, natural woodlands dominated by Isoberlinia spp. have 
become increasingly essential for local communities while experienc-
ing progressive structural degradation and depletion of valuable tree 
species (Biaou et al., 2011; Bellefontaine et al., 2015; Adjahossou et al., 
2019; Sanon et al., 2019). Understanding AGB-structure relationships 
in these ecosystems is therefore crucial for developing locally-adapted 

https://doi.org/10.3389/ffgc.2026.1800379
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org


Orou et al.� 10.3389/ffgc.2026.1800379

Frontiers in Forests and Global Change 03 frontiersin.org

management strategies that account for their specific ecological pro-
cesses, improving AGB estimation models for carbon accounting in 
dry tropical regions, and predicting responses to intensifying anthro-
pogenic pressures and climate change (Silman, 2014; Rozak et 
al., 2018).

This study aims to evaluate the effect of stem density, summed 
crown projection area, and structural heterogeneity (CVDBH) on 
AGB in natural Isoberlinia spp. woodland stands at different develop-
mental stages (young VS. mature) in the Sudano-Guinean zone of 
Benin. Given the ecological specificities of these water-limited, open-
canopy woodlands described above, we tested four specific hypotheses 
(Figure 1). We hypothesize that stem density has a negative direct 
effect on AGB across all developmental stages (H1). Despite low SCPA 
that minimizes aboveground light competition, we expect that high 
stem density intensifies belowground competition for water and nutri-
ents, limiting individual tree growth and overall stand AGB (Pretzsch 
and Biber, 2016). We further hypothesize that stem density has a nega-
tive indirect effect on AGB through its negative influence on SCPA 
and positive influence on CVDBH (H2). Higher stem density con-
strains individual SCPA expansion, thereby reducing total light-cap-
turing area at the stand level, while simultaneously increasing size 
inequality through stem density-dependent processes, both pathways 
reducing stand productivity. Regarding structural heterogeneity, we 
hypothesize that CVDBH has a negative effect on AGB, particularly 
in mature stands (H3), reflecting either asymmetric competitive sup-
pression or the coexistence of many small juvenile clonal stems with 
few large seed-origin adults, both scenarios resulting in suboptimal 
resource use at the stand level (Grime, 1998; Poorter et al., 2015). 
Finally, we hypothesize that SCPA exerts a positive effect on AGB, 
particularly in mature stands (H4), as greater SCPA indicates 
enhanced photosynthetic capacity. However, we anticipate this effect 
may be weaker than in closed forests due to the reduced role of light 
competition in water-limited systems (Pretzsch, 2014). By explicitly 
testing these hypotheses in the context of open, water-limited 
Isoberlinia woodlands, this study contributes to filling critical knowl-
edge gaps and provides empirical evidence to support sustainable 
forest management adapted to the specificities of dry tropical 
ecosystems.

Materials and methods

Study area

The study was carried out in Benin in the Sudano-Guinean zone 
where more than 92.5% of the forest canopy cover is dominated by 
Isoberlinia doka and Isoberlinia tomentosa woodlands (Sokpon et al., 
2006; Biaou, 2009) (Figure 2). This area has a tropical climate charac-
terized by a progressive merging of the two precipitation peaks into 
one peak, which indicates a unimodal rainfall regime, and marks the 
transition toward a typical Sudanian climate (one rainy season from 
May to October and one dry season from October to April). The aver-
age annual precipitation is recorded at 1,200 mm (Adomou, 2005; 
Sinsin et al., 2010). This places the study area at the transition between 
the moist Guinean zone (with more than 1,400 mm per year) in south-
ern part of the country and the semi-dry Sudanian zone (with less 
than 1,200 mm per year) in northern part of the country (White, 1983; 
Adomou, 2005; Assédé et al., 2020). The dominant soil type is tropical 
ferruginous. The vegetation consists of a patchy savannah mosaic 
including structurally distinct forest types: dense dry forests, wood-
lands, and gallery forests (Sokpon et al., 2006; Biaou, 2009; Hountondji 
et al., 2013). Following the ecological framework of Chidumayo and 
Gumbo (2010) for African dry forests and woodlands, these forest 
types differ primarily in canopy structure and continuity. Dense dry 
forests are characterized by relatively closed canopy with closely 
spaced trees and limited herbaceous layer development, while wood-
lands display more open canopy structure with substantial gaps 
between tree SCPA and well-developed grass understory typical of 
miombo type vegetation. Slash-and-burn agriculture dominated by 
cotton growing, timber logging, fuelwood harvesting, fire and grazing 
were pointed out as the main anthropogenic disturbances (Zida et al., 
2007; Hountondji et al., 2013) that were shaping vegetation patterns 
(Kennedy and Potgieter, 2003; Biaou, 2009).

Sampling method and data collection

Sites were selected using a targeted approach based on two crite-
ria: (i) dominance of Isoberlinia spp. as the dominant canopy tree spe-
cies (>70% of stems), and (ii) minimal recent anthropogenic 
disturbance. Specifically, the selected sites are located within gazetted 
forest reserves managed by the national forestry service, where log-
ging has been prohibited, as confirmed by local forestry officers and 
village management committees. Although low-intensity disturbances 
such as non-timber forest product collection and controlled burning 
persist, these do not substantially alter stand structure. Two vegetation 
units were delineated, representing two stages of Isoberlinia spp. 
woodland development. Stands in the study area (Assede et al., 2012; 
Geldenhuys et al., 2017). The AGB of these Isoberlinia spp. stands was 
assessed according to the following criteria:

	i.	 Young stage: stands characterized by 70% of stems with a 
height ≥ 4 m and a DBH between 7 and 16 cm, not yet having 
reached the reproductive phase.

	ii.	 Mature to advanced stage: stands characterized by 70% of 
stems with a height ≥ 11 m and a DBH > 18 cm, having begun 
their reproductive phase. It should be noted that the 18 cm 
DBH threshold is strictly a classification criterion based on the 
reproductive status of the dominant cohort, not an inventory 
exclusion limit; all trees with DBH ≥ 7 cm and height > 1.40 m 

FIGURE 1

Piecewise structural equation model of the effects of Stem density, 
SCPA and CVDBH on AGB. AGB, above-ground biomass; CVDBH, 
coefficient variation of diameter at breast height; SCPA, summed 
crown projection area.
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were measured across all plots regardless of developmen-
tal stage.

Within each selected site, plots were randomly positioned to ensure 
unbiased spatial coverage of stand structural variability 
(Supplementary Figure S1). Sampling was carried out on forty 
20 m × 20 m plots, comprising 30 plots spread over 6 experimental sites 
(5 plots per site) and 10 plots on a seventh experimental site. The unequal 
allocation of plots across sites (5 plots per site for 6 sites and 10 plots for 
the seventh site) reflects the greater structural heterogeneity observed at 
the seventh site, which warranted denser sampling to capture the full 
range of structural conditions. All the plots were divided into two equal 
groups: 20 plots in young stands and 20 in mature stands. Within each 
site, plots were placed at least 50 m apart to ensure spatial independence 
while capturing the variability of stand structures. This minimum distance 
was selected based on ecological considerations for Isoberlinia wood-
lands, where spatial autocorrelation in structural parameters typically 
decreases substantially beyond 30–40 m due to the patchy distribution of 
clonal regeneration clusters (Dourma et al., 2009; Chidumayo, 2013).

Quantification of structural variables

Stem density, defined as the number of individuals per unit area, 
was calculated by counting the number of Isoberlinia spp. individuals 
per plot with height > 1.40 m and DBH > 7 cm.

Coefficient of variation of DBH (CVDBH), was calculated as the 
ratio of the standard deviation to the mean DBH in each plot, expressed 
as a percentage (Mensah et al., 2023). This parameter reflects the het-
erogeneity of the stand’s diameter structure and integrates both 

asymmetric competition between individuals and disturbance history. 
High CVDBH values indicate a highly heterogeneous structure with 
coexistence of contrasting size classes, while low values suggest a more 
homogeneous structure typical of even-aged stands.

Summed crown projection area (SCPA, m2/ha) was calculated 
from crown diameter measurements taken in two perpendicular 
directions (north–south and east–west) for each tree. Crown diameter 
was measured by positioning one observer directly beneath the out-
ermost extent of the crown in each cardinal direction while a second 
observer marked the corresponding ground position using stakes. 
Individual crown projection area was calculated assuming an elliptical 
crown shape, which provides a reasonable approximation for most 
tree crowns (Ganamé et al., 2021), using:

	

( ) Diameter North SouthCrown area i m

Diameter East West

2   _
2

 
2

π − = × 
 

− × 
 

SCPA was then calculated as

	 ( )( )= × 2 _SCPA EF Crown area i m

where.
=

_
_
A rEF

A plot
is the expansion factor, with A_r being the refer-

ence area (10,000 m2) and A_plot the plot area (400 m2).

FIGURE 2

Map of study areas showing the experimental sites in Benin.
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Basal area (m2 ha−1) was calculated from the diameters at breast 
height (1.30 m) using the following formula then converted to 
hectares:

	
π

 
= ×∑ ×  

 

2
 

4
iDBHBasal area EF

Estimation of AGB

Above-ground biomass (AGB) was estimated at the individual 
scale using the specific allometric equation for Isoberlinia doka estab-
lished by Ganamé et al. (2021) for the diameter class 7–48 cm:

	 ( ) ( )−=
1,033,36 2

i i iAGB Kg e DBH H

where iAGB  is Above-ground biomass, DBH (cm) is diameter at 
breast height, and H (m) is total tree height.

This equation was selected because it covers the range of diame-
ters observed in our study (7–45 cm) and was calibrated in an ecologi-
cal context similar to Beninese savannah thus ensuring robust AGB 
estimation. Although this model was originally calibrated for 
Isoberlinia. doka, its application to Isoberlinia. tomentosa is justified by 
the close morphological and architectural similarity between the two 
species, which are often treated as a species complex (Dourma et al., 
2009, 2012). The allometric equation is based on DBH and height as 
predictor variables and does not explicitly include wood density. 
Individual tree AGB values were summed at the plot level multipli-
cated by expansion factor to obtain total AGB expressed in tons per 
hectare (t/ha):

	
( ) ( )

= ×∑/
1000

iAGB Kg
AGB t ha EF

Data analysis

Predictor selection and collinearity diagnostics

Prior to structural equation modeling, we performed multicol-
linearity diagnostics by calculating variance inflation factors (VIF) for 
each predictor. The VIF values greater than 5 indicate the presence of 
problematic collinearity that could compromise the interpretation of 
regression coefficients (Dormann et al., 2013; Ullah et al., 2021). This 
preliminary step is crucial in piecewise structural equation modeling 
(pSEM) analyses because the presence of strong collinearity between 
variables can lead to unstable parameter estimates and erroneous 
interpretation of causal relationships (Zuur et al., 2009). VIFs were 
calculated for each predictor variable in individual sub-models, sepa-
rately for young and mature stands, to verify that relationships 
between structural variables do not introduce excessive redundancy 
in the models.

In young stands, basal area exhibited a VIF of 11.01, while 
stem density and mean DBH showed VIF values of 4.72 and 1.02, 
respectively. In mature stands, a similar pattern emerged with 
basal area (VIF = 12.53), stem density (VIF = 4.23), and mean 
DBH (VIF = 1.17). Basal area was excluded from all tested 
models it was inherently related to AGB through the use of the 
allometric model.

Piecewise structural equation modeling

Piecewise structural equation models were constructed separately 
for young and mature stands to test the formulated hypotheses and quan-
tify causal relationships between structural variables and AGB (Ullah et 
al., 2021; Abbasi et al., 2023). The conceptual model structure postulates 
that (Figure 1): (i) stem density directly influences AGB; (ii) SCPA and 
CVDBH directly influence AGB; (iii) these structural variables can 
mediate the effect of stem density on AGB, thus creating indirect effects.

The models are expressed by the following system of equations 
(Equations 1–5):

	 AGB 1 Stem density=β × 	 (1)

	 AGB 5 SCPA=β × 	 (2)

	 AGB 3 CVDBH=β × 	 (3)

	 SCPA 4 Stem density=β × 	 (4)

	 CVDBH 2 Stem density=β × 	 (5)

All variables were standardized by centering and scaling before 
analysis to: (i) facilitate comparison of effects between variables 
expressed in different units of measurement, (ii) improve numerical 
convergence of optimization algorithms, and (iii) allow direct inter-
pretation of standardized coefficients in terms of change in standard 
deviation of the response variable for a one standard deviation change 
in the predictor variable (Zuur et al., 2009).

The goodness-of-fit of pSEM models was assessed using Fisher’s 
C statistics, where a model is considered adequate for 0 ≤ C/df ≤ 2 
and p > 0.05 (Grace et al., 2016; Lefcheck, 2016). Direct effects were 
interpreted from standardized regression coefficients (β), while indi-
rect effects were calculated as the product of coefficients along medi-
ated paths (Lefcheck, 2016). Statistical significance of relationships 
was assessed using Wald tests at the α = 0.05 threshold.

Analyses were performed in R 4.3.1 (R Core Team, 2022) using 
the piecewiseSEM, car, nlme, and ggplot2 packages.

Although ecological relationships are generally non-linear at large 
scales, the use of linear models can be justified when the study focuses 
on a restricted gradient of environmental conditions where relation-
ships can be approximated by a linear function (Ullah et al., 2021). The 
appropriateness of linear models was assessed using comprehensive 
diagnostic plots for each structural equation. Observed versus pre-
dicted scatter plots, residual versus fitted values plots, and quantile-
quantile plots confirmed that the linear models satisfied the 
assumptions of linearity, homoscedasticity and normality of the resid-
uals for both developmental stages (Zuur et al., 2009). These results 
were corroborated by statistical tests (Shapiro–Wilk for normality and 
Breusch–Pagan for homoscedasticity; all p > 0.05), which validated 
the use of linear pSEM for quantifying structural-AGB relationships 
(Grace et al., 2016) (Supplementary Figures S2, S3).

Nonlinear effects of stand structure on AGB in all 
stages of development

Unlike stage-specific linear analyses, combining data from both 
developmental stages required a non-linear approach to capture 
potential curvilinear relationships across the full structural gradient. 
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We analysed the nonlinear effects of structural variables on aboveg-
round biomass (AGB) using generalized additive models (GAMs) 
and generalized additive mixed models (GAMMs). AGB (t/ha) was 
modeled as a function of stem density (stems/ha), SCPA (m2/ha), and 
CVDBH, combining data from young and mature stands. Nonlinear 
relationships were represented by thin plate regression splines, and 
ecologically relevant interactions were modeled using tensor prod-
ucts [te()], allowing interactive effects between structural variables to 
be captured. Smoothing parameters were estimated using restricted 
maximum likelihood (REML) with a limited base dimension to avoid 
overfitting. In GAMMs, the stage of development (young vs. mature) 
was incorporated as a random effect via a term s(Stage, bs = “re”) to 
account for the hierarchical structure of the data. All models were 
compared using the Akaike information criterion (AIC), adjusted R2, 
and explained deviance.

Results

Structural characteristics across 
developmental stages of Isoberlinia 
woodlands

The results of descriptive statistics of parameters such as stem 
density, DBH, SCPA, and AGB are presented in Table 1.

Young stands exhibit higher stem density (442.5 ± 34.51 stems/
ha), with values ranging from 375 to 500 stems/ha. Mean DBH is 
13.80 ± 3.76 cm with trees reaching an average height of 7.18 ± 1.18 m. 
The CVDBH is relatively low at 1.54%. SCPA averages 
1732.73 ± 269.79 m2/ha, while basal area reaches 7.10 ± 3.30 m2/ha. 
AGB is, averaging 28.29 ± 13.67 t/ha.

In mature stands, stem density decreases substantially to 
255 ± 32.04 stems/ha, with values ranging from 200 to 300 stems/ha. 
Mean DBH increases to 24.89 ± 6.91 cm, with trees averaging 
12.47 ± 1.51 m in height. The CVDBH rises dramatically to 22.61%, 
reflecting considerable structural heterogeneity. SCPA nearly triples 
to 5000.91 ± 1,070 m2/ha, and basal area increases to 13.36 ± 4.67 m2/
ha. AGB shows a pronounced increase, averaging 104.63 ± 47.72 t/ha.

Direct and indirect effects of stem density, 
CVDBH and SCPA on AGB in young and 
mature stage of development

In young stands, we observe a highly significant negative direct 
effect of stem density on AGB (β = −0.95; p < 0.001; 
Supplementary Table S1; Figure 3A). Although stem density signifi-
cantly reduces SCPA development (β  = −0.89; p  < 0.001; 
Supplementary Table S1; Figure 3A), the influence of SCPA on AGB 
remains negligible (β  = 0.01; p = 0.93; Supplementary Table S1; 
Figure 3A). Furthermore, CVDBH shows a non-significant negative 
effect on AGB (β = −0.06; p = 0.39; Supplementary Table S1; Figure 3A). 
The indirect effect via CVDBH was negligible (β = 0.03 × −0.06 = −0.002; 
non-significant), while the indirect effect via SCPA was also minimal 
(β = −0.89 × 0.01 = −0.009; non-significant). The total indirect effect 
remained very weak (β total indirect = −0.01; Figure 3C).

For mature stands, the direct negative effect of stem density on AGB 
is attenuated but significant (β = −0.82; p = 0.01; Supplementary Table S1; 
Figure 3B). The relationship between density and SCPA is strongly 
negative (β = −0.79; p < 0.001; Supplementary Table S1; Figure 3B), 
indicating that lower stem densities allow for greater SCPA expansion. 
However, the indirect effect via the SCPA (β = −0.79 × 0.19 = −0.15) 
remains insignificant, as the effect of the SCPA is not significant 
(β = 0.19; p = 0.49; Supplementary Table S1; Figure 3B). Note that the 

TABLE 1  Descriptive statistics including minimum, median, and standard deviation (SD) and maximum of structural parameters.

Structural parameter Statistics Young Mature

Stem density (stem per ha)

Mean±SD 442.50 ± 34.51 255 ± 32.04

Min 375 200

Max 500 300

SCPA (m2/ha)

Mean±SD 1732.73 ± 269.79 5000.91 ± 1,070

Min 1204.18 3256.78

Max 2185.73 7011.70

Coefficient of variation DBH (CVDBH) 

(%)

Mean±SD 1.54 ± 0.49 22.61 ± 7.22

Min 0.56 10.87

Max 2.37 36.74

Basal Area (m2 per ha)

Mean±SD 7.10 ± 3.30 13.36 ± 4.67

Min 5.60 7.50

Max 8.51 22.22

AGB*(Ton per ha)

Mean±SD 28.29 ± 13.67 104.63 ± 47.72

Min 9.31. 50.84

Max 54.12 196.03

Mean DBH (cm) Mean±SD 13.80 ± 3.76 24.89 ± 6.91

Mean height (m) Mean±SD 7.18 ± 1.18 12.47 ± 1.51

AGB, above-ground biomass; CVDBH, coefficient variation of diameter at breast height, SCPA, summed crown projection area.
*AGB, above-ground biomass.
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effect of CVDBH on AGB becomes significantly negative (β = −0.32; 
p = 0.04; Supplementary Table S1; Figure 3B), Underlining the increas-
ing importance of horizontal stand structure with maturity. The indirect 
effect of stem density via CVDBH (β = 0.17 × −0.32 = −0.05) is not 
significant. Combined, these indirect pathways yield a total indirect 
effect of −0.21 (p = 0.42), which is non-significant, representing approx-
imately 27% of the direct effect magnitude (Figure 3D).

Effects of structural variables on AGB across 
all stages of development

Among the models tested (Supplementary Table S2), GAM5 
achieved the lowest AIC (365.4), followed closely by GAM2 (AIC = 365.5, 
ΔAIC = 0.1). However, GAM2 model was selected as the final model 
based on parsimony (Zuur et al., 2009). While GAM5 included two 
tensor product interactions (stem density × SCPA and stem density × 
CVDBH), GAM2 achieved nearly identical fit with a simpler structure: 
one interaction (stem density × SCPA) and a univariate smooth term for 
CVDBH. Moreover, all smooth terms in GAM2 were statistically signifi-
cant (p < 0.05), whereas the additional interaction in GAM5 was non-
significant (p = 0.071). Given the negligible difference in AIC and the 
lack of significant improvement, GAM2 model was retained as the most 
parsimonious model. The interaction between stem density and SCPA 
has a significant non-linear effect on AGB (F = 39.13; p < 2e-16; 

Supplementary Table S3). The lowest AGB values (28.29 ± 13.67 t/ha on 
average) were observed in cases of high density (442.5 ± 34.51 stems/ha) 
coupled with limited SCPA (1732.73 ± 269.79 m2/ha), whereas the high-
est AGB values (104.63 ± 47.72 t/ha) were observed in stands with low 
stem density (255 ± 32.04 stems/ha) and extensive SCPA 
(5000.91 ± 1,070) (Figures 4A,B). Also, CVDBH showed a significant 
effect on AGB (F = 4.59; p = 0.04; Supplementary Table S3). Young 
stands with minimal diameter variation (1.54 ± 0.49%) showed low 
AGB, while mature stands with greater heterogeneity (22.61 ± 7.22%) 
achieved higher AGB (Figure 4C). However, AGB gains plateaued 
beyond 15% CVDBH, and within mature stands, CVDBH values above 
20% were associated with reduced AGB (Figure 4C).

Discussion

Structural characteristics across 
developmental stages of Isoberlinia 
woodlands

The results of this study highlight marked structural differences 
between the developmental stages of Isoberlinia woodland in the 
Sudano-Guinean zone of Benin. The significant decrease in stem 

FIGURE 3

Structural equation model of the effects of stem density, SCPA and CVDBH on AGB in young stage of stand (a) and mature stage of stand (b), and 
standardized coefficients of direct and indirect effects of structural variables on AGB in young stands (c) and mature stands (d). AGB, above-ground 
biomass; CVDBH, coefficient variation of diameter at breast height; SCPA, summed crown projection area; *significant at 0.05; **significant at 0.01; 
***significant at 0.001; ns, non-significant.
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density between young stands (442.50 ± 34.51 stems/ha) and mature 
stands (255 ± 32.04 stems/ha) primarily results from stem density-
dependent mortality (Kouassi et al., 2021; Axer et al., 2022), where 
competition for limited resources (light, water, nutrients) progres-
sively eliminates suppressed individuals.

The substantial increase in mean DBH between young 
(13.80 ± 3.76 cm) and mature stages (24.89 ± 6.91 cm) illustrates the 
progressive growth of surviving trees that benefit from increased 
resource access. This dimensional evolution in terms of both diameter 
and height explains the considerable increase in AGB, which rises from 
28.29 ± 13.67 t/ha in young stands to 104.63 ± 47.72 t/ha in mature 
stands. Nam et al. (2018) observed similar patterns in other tropical 
forests in Vietnam, highlighting the universality of this relationship 
between structure and AGB. SCPA values also follow this developmen-
tal progression, increasing from 1732.73 ± 269.79 in young stands to 
5000.91 ± 1,070 in mature stands, reflecting SCPA expansion with tree 
maturation and increased structural heterogeneity the latter allowing 
trees of different heights to expand their crowns laterally.

Effects of stem density, CVDBH and forest 
SCPA on AGB

In young stands, AGB is mainly controlled by stem density, which 
has a direct negative effect, consistent with hypothesis H1. This result 

can be explained by intense stem density-dependent competition typi-
cal of early stages of forest development, where individuals compete 
strongly for limited resources such as light, water, and nutrients 
(Franklin et al., 2002; Poorter et al., 2015; Ali, 2019). In the case of 
Isoberlinia spp., this dynamic is reinforced by vegetative regeneration 
through root suckering, which creates dense spatial aggregates of 
young stems sharing the same root system (Dourma et al., 2009; 
Bellefontaine et al., 2015). Although this mode of regeneration allows 
for rapid colonization of space, it increases intraspecific competition 
and limits individual growth, resulting in low AGB at the stand level. 
This negative relationship between stem density and AGB in young 
stages has been documented in different forest types. In Himalayan 
forests, Sharma et al. (2008) demonstrated that high densities intensify 
intraspecific competition for light, water, and nutrients, thereby limit-
ing individual growth and stand level AGB. Similar patterns have been 
observed in temperate forests (Franklin et al., 2002; Ullah et al., 2021) 
and tropical forests (Poorter et al., 2015). However, the competitive 
mechanisms in Isoberlinia woodlands are expected to differ funda-
mentally from those in closed-canopy forests. Unlike closed forests 
where high stem density triggers stand-level self-thinning through 
light competition (Weiner, 1990; Pretzsch, 2014), Isoberlinia wood-
lands maintain open canopy structure with coverage rarely exceeding 
25–30%, as indicated by our SCPA values below 3.000 m2/ha in most 
stands. In these open conditions, light is abundant and competition 

FIGURE 4

Nonlinear relationships between AGB and stem density (A), SCPA (B), and CVDBH (C) across all stand stages, associated with the GAM2 model 
(Supplementary Tables S2, S3). AGB, above-ground biomass; CVDBH, coefficient variation of diameter at breast height; SCPA, summed crown projection area.
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shifts primarily to belowground water and nutrients, especially during 
the prolonged dry season (Sankaran et al., 2005; February et al., 2013). 
This shift is compounded by the clonal regeneration strategy charac-
teristic of Isoberlinia spp. Vegetative regeneration by root suckering 
produces densely aggregated clusters, with locally high stem densities 
that often exceed 1,000 stems per hectare, despite relatively low stand-
level densities (Bellefontaine et al., 2015). Within these clusters, 
intense competition leads to early differentiation between dominant 
and suppressed stems, with selective mortality reaching 40% within 
five years (Dourma et al., 2012; Sanon et al., 2019). The shared root 
system plays a paradoxical role. Although theoretically facilitating 
resource sharing, stems originating from the same root system show 
highly variable growth rates, suggesting preferential allocation of 
resources to certain shoots at the expense of others (Dourma et al., 
2012; Chidumayo, 2013, 2017). Simultaneously, spatial clustering cre-
ates localized shading that reduces individual photosynthetic effi-
ciency despite the overall open canopy (Ryan and Yoder, 1997). This 
dual competitive regime characterized by intense belowground com-
petition for water within clusters combined with paradoxical resource 
competition among root-connected stems explains the negative stem 
density-AGB relationship in our young stands. Unlike in closed for-
ests, where there is stand-level light competition, the mechanisms 
primarily reflect localized belowground competition within regenera-
tion clusters.

Interestingly, although stem density significantly reduces SCPA in 
young stands (β = −0.89, p < 0.001), this did not translate into a sig-
nificant indirect effect on AGB (indirect effect = −0.009, p > 0.05). 
These results provide only partial support for hypothesis H2, as the 
negative relationship between stem density and SCPA exists but does 
not significantly influence AGB. This SCPA-AGB relationship suggests 
that light is not the primary limiting resource in these water-limited 
open woodlands when canopy coverage remains below 30%. In sys-
tems where water rather than light constrains productivity, reductions 
in SCPA caused by high stem density have limited consequences for 
AGB accumulation, as the capacity to intercept light exceeds the 
amount that can be converted into AGB given water constraints.

In mature stands, stem density continues to negatively affect AGB 
even as mean stem density declines from 442.5 to 255 stems/ha. This 
persistent effect, which further confirms hypothesis H1 across devel-
opmental stages, reflects continued localized competition within 
clonal regeneration clusters (Dourma et al., 2012). By contrast, Ullah 
et al. (2021) found that stem density had a positive effect on AGB 
through enhanced SCPA packing and efficient light capture in mixed-
species stands. Similarly, Nam et al. (2018) reported that high stem 
density promoted AGB through optimized species composition and 
SCPA space utilization in logged evergreen forests of Vietnam. Both 
studies examined closed-canopy, multi-species forests where light was 
the primary limiting resource and niche complementarity could buffer 
competitive effects. Our contrasting results can be explained by the 
monodominant nature of Isoberlinia stands. In monospecific forests, 
the absence of interspecific complementarity eliminates the niche dif-
ferentiation that would otherwise mitigate the effects of competition 
(Zhang and Chen, 2015). Under these conditions, AGB is primarily 
governed by intraspecific competitive dynamics and resource alloca-
tion patterns rather than structural diversity alone. According to the 
selection hypothesis (or mass-ratio effect), AGB is primarily deter-
mined by the functional characteristics of dominant individuals, 
regardless of overall stand diversity (Grime, 1998; Poorter et al., 2015). 
Within this framework, high diameter variation in monospecific 

stands reflects asymmetric competition, whereby dominant individu-
als monopolize resources at the expense of suppressed individuals 
(Abbasi, 2025). This leads to suboptimal resource utilization at the 
stand level. Consequently, stands with lower stem density but com-
posed of larger, more productive individuals may accumulate greater 
total AGB than dense stands with numerous small individuals com-
peting for the same resources. The relative importance of these com-
petitive processes varies according to the developmental stage of the 
stand, environmental conditions and species-specific regeneration 
strategies (Ullah et al., 2021).

In mature stands, horizontal structural heterogeneity (CVDBH), 
also has a significant negative effect on AGB. This finding supports 
hypothesis H3, which predicted such a negative effect particularly in 
mature stands. High diameter variability reflects the coexistence of 
trees from different cohorts with contrasting developmental stages 
(Gadow et al., 2012), which could reduce to stand AGB in the mature 
phase for several reasons. Size-asymmetric competition creates a com-
petitive hierarchy in which larger trees monopolize resources, particu-
larly light and nutrients, at the expense of smaller trees (Binkley et al., 
2010; Pretzsch and Biber, 2016). This disproportionate capture of 
resources slows the growth of small stems without proportionally ben-
efiting large ones, thereby reducing overall stand productivity (Coates 
et al., 2009; Forrester and Albrecht, 2014). Additionally, high diameter 
heterogeneity may reflect poorly synchronized regeneration phases 
resulting from past disturbances (e.g., harvesting, fire, windthrow), 
leading to the coexistence of younger cohorts with limited contribu-
tion to total stand biomass (Iida et al., 2011).

SCPA has a positive but insignificant influence on AGB in mature 
stands. These results do not provide statistical support for hypothesis 
H4, which predicted a positive effect of SCPA on AGB. This could be 
due to a functional SCPA closure threshold beyond which increased 
light interception no longer leads to a proportional increase in AGB. In 
Sudano-Guinean ecosystems, this functional saturation may be rein-
forced by edaphic and water constraints limiting the response of pri-
mary production to increases in leaf area (Sankaran et al., 2005; Chu 
et al., 2019).

Effects of structural variables on AGB at all 
stages of development

When the patterns are considered across all development stages, 
it appears that the effect of stem density on AGB depends heavily on 
the level of SCPA development, while diameter heterogeneity plays a 
secondary but significant role.

The interaction between stem density and SCPA primarily reflects 
a developmental stage effect, with young dense stands characterized by 
low SCPA and mature stands with lower stem density characterized by 
extensive SCPA. This pattern also illustrates how SCPA development 
modulates the effects of stem density on AGB. In young stands with 
limited SCPA expansion, high stem density can intensify competition 
for resources, reducing individual growth and cumulative AGB 
(Forrester et al., 2017). In contrast, the extensive SCPA of mature stands 
allows for more efficient utilization of airspace and resources (Jucker et 
al., 2015). However, the relatively open structure of these Isoberlinia 
woodlands suggests that there is moderate light competition compared 
to closed-SCPA. Our results reveal a threshold effect for CVDBH, with 
AGB peaking at approximately 15% before declining at higher values. 
This nonlinear pattern suggests the presence of competing mechanisms 
operating at different developmental stages (Figure 3). In young stands, 
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CVDBH is low and exhibits limited variability, explaining the absence 
of significant effects at this stage. In contrast, mature stands display 
higher and more variable CVDBH, with a threshold dependent negative 
effect on AGB. While low-to-moderate levels of heterogeneity (CVDBH 
<15%) might enhance the efficiency with which resources are used 
through vertical stratification and niche differentiation (Jucker et al., 
2015), higher heterogeneity (>20%) might be associated with asymmet-
ric size distributions, where few large individuals trees reduce the func-
tioning of smaller individuals (Getzin et al., 2008).

Study limitations

Several limitations of this study need to be considered. The sample 
size (40 plots: 20 young and 20 mature stands) meets the requirements 
for piecewise structural equation modeling but remains relatively small 
for capturing the full variability of Isoberlinia woodlands across West 
Africa. Our reliance on temporary rather than permanent plots prevents 
us from directly accounting for temporal changes and limits our capac-
ity to confirm causal links between stand structure and AGB. Repeated 
measurements over time would be needed to validate the mechanisms 
identified here. Finally, as we did not measure stand age, we cannot 
completely rule out some age effect behind stem density within a given 
stand stage; however, mean stand height, which can be considered as a 
rough indicator of stand age, was not correlated with stem density 
within neither young nor mature stands.

Implications for sustainable management

These results have important practical implications for the manage-
ment of Isoberlinia woodland. In young stands, we suggest that silvicul-
tural interventions should be concerned with stem density regulation 
for individual growth optimization. These management recommenda-
tions align with recent findings on the importance of stand structure 
regulation for optimizing AGB allocation during forest development 
(Cudjoe et al., 2025). However, it should be noted that, while the reduc-
tion in stem density achieved by thinning results in an increase in the 
growth of individual trees, the resulting standing AGB at the stand level 
is likely to be less than that of an unthinned stand of similar age imme-
diately following the intervention. In the longer term, however, thinned 
stands could achieve higher AGB than unthinned ones, as the remain-
ing trees benefit from accelerated individual growth and better access to 
resources, resulting in larger individuals and, ultimately, potentially 
higher total AGB. This is consistent with the findings of Sokpon et al. 
(2006), who recommend early thinning to reduce competition. For 
mature stands, our results suggest that management should focus on 
maintaining a moderate structural heterogeneity (CVDBH) around 
15%, while avoiding overly uniform (CVDBH <10%) or excessively het-
erogeneous (CVDBH >20%) distributions. It is important to ensure 
sufficient space for SCPA development. This adaptive approach, taking 
into account the stage of development, seems crucial to ensure the sus-
tainability of these forest ecosystems.

Conclusion

This study reveals fundamental differences in the relationships 
between structure and biomass in water-limited, open-canopy 
Isoberlinia woodlands compared to the closed-canopy, light-limited 
forests in which most forest ecology theory has been developed. 

Stem density reduces aboveground biomass (AGB) consistently 
across all developmental stages. Importantly, stand canopy projec-
tion area (SCPA) shows no significant relationship with AGB, sug-
gesting that light-mediated pathways central to productivity in 
closed forests are less functionally relevant when water is limiting 
and canopy coverage remains below 30%. Instead, structural hetero-
geneity (CVDBH) emerges as the key modulator of productivity in 
mature stands. It exhibits a threshold effect whereby AGB peaks at 
moderate heterogeneity (approximately 15%), but then declines 
beyond 20% probably as a result of size-asymmetric competition. 
These findings highlight the fact that forest management strategies 
optimised for closed-canopy systems cannot be directly applied to 
water-limited, open woodlands. The sustainable management of 
Isoberlinia woodland requires the regulation of stem density in 
young stands and the maintenance of moderate structural heteroge-
neity in mature stands, adapted to prioritize water over light limita-
tion. These findings have broader implications for ecosystem service 
provision in West African dry forests. Accurate biomass estimation, 
informed by structural heterogeneity rather than canopy density 
alone, is essential for reliable carbon stock assessment under REDD+ 
and voluntary carbon market mechanisms. Furthermore, optimized 
stand management that balances density regulation and moderate 
structural heterogeneity can enhance the sustained provision of 
timber and non-timber forest products, including fuelwood, con-
struction material, and medicinal plants, that underpin rural liveli-
hoods across the region. Community-based management approaches 
integrating these structural guidelines could thus simultaneously 
contribute to carbon credit generation and income diversification 
for local communities.
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