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Morphological variation of Pseudocedrela kotschyi in Benin: 
zonal patterns and conservation insights

Abstract: Pseudocedrela kotschyi is a socio-economically important species for rural communities in sub-Saharan Africa. This 
study aims to identify the environmental drivers shaping the morphological traits of the species across different biogeographical 
zones for guiding effective conservation and domestication strategies. Measurements were taken from 3,086 fruits and 2,851 
leaves that were collected in these zones. Principal Component Analysis (PCA) and hierarchical classification identified distinct 
morphological groups, while Multiple Correspondence Analysis (MCA) assessed the relationship between morphotypes and 
biogeographical zones. Morphological traits varied significantly between zones (p < 0.001). The Guineo-Congolian zone had 
the longest (10.27 ± 0.05cm) and heaviest fruits (51.59 ± 0.39g), while the Sudano-Guinean zone had the heaviest seeds 
(0.69 ± 0.01g). Three morphotypes were identified: morphotype 1 had small fruits with light seeds; morphotype 2 had long 
fruits with numerous seeds whereas morphotype 3 had heavy fruits with large seeds. The distortion features differ from one 
morphotype to another. Although certain traits were influenced by temperature and precipitation, relationships between 
morphology and climate remained weak. These findings highlight the importance of conservation strategies that are adapted 
to regional specificities and local environmental pressures. Tailoring conservation and domestication strategies to the distinct 
morphotypes and their associated ecological zones could enhance the sustainable use of, and resilience to climate change 
pressures experienced by Pseudocedrela kotschyi.
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Introduction

In West Africa, over recent years, vegetation cover has 
undergone continuous and severe disturbances, particularly 
within natural formations (Dossa et al, 2021). These 
formations are experiencing unprecedented degradation due 
to intense anthropogenic pressure (Ouattara et al, 2022) and 

climate variability, which negatively impact biodiversity (Zida 
et al, 2020). Furthermore, it is estimated that 20–35% of the 
African tropical flora is potentially threatened with extinction 
(Stévart et al, 2019). This loss is having consequences for 
the rich and diverse forest ecosystems, which play a crucial 
role in regulating greenhouse gases, maintaining the climate 
balance and meeting various needs of rural populations 
(Ouattara et al, 2022). In Benin, the most threatened valuable 
timber species include Pterocarpus erinaceus Poir., Afzelia 
africana Sm. Ex Pers, Khaya senegalensis (Desr.) A.Juss., 
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Prunus africana (Hook.f.) Kalkman, Anogeissus leiocarpa 
(DC.) Guill. et Perr., and Pseudocedrela kotschyi (Schweinf.) 
Harms (Yaoitcha et al, 2016). 

The genus Pseudocedrela is one of the three endemic 
genera (Pseudocedrela, Vitellaria and Haemastostaphis) in 
the Sudanian Regional Centre of Endemism (SRCE) (White, 
1983). It contains a single species, Pseudocedrela kotschyi 
(Schweinf.), a forest tree which is exploited similarly to 
other high-value species but which faces regeneration 
challenges (Deguenonvo et al, 2020) due to bushfires and 
rodent predation of seeds. In addition, the seeds are highly 
susceptible to insect attacks (Grubben, 2008) and must be 
sown immediately after harvest.

Given these persistent threats, effective and sustainable 
management strategies to conserve this species are required. 
Such strategies depend on the morphological variability of its 
traits, which remains poorly documented. For instance, fruit 
size analysis can help identify vigorous shrubs producing 
large fruits and robust seeds suitable for agroforestry (Daï et 
al, 2024). This knowledge also supports the preservation of 
underutilized morphotypes that are valuable for maintaining 
future genetic diversity (Houehanou et al, 2019; 2023). This 
aspect is particularly critical for a species widely distributed 
across Benin’s distinct biogeographical zones, namely, 
the Sudanian, Sudano-Guinean, and Guineo-Congolian 
zones. This is the case for P. kotschyi, for which studies of 
morphological characteristics across environmental gradients 
remain incomplete. Studies of African tropical species have 
demonstrated that morphological variability is essential 
for understanding their responses to climatic gradients 
(Avakoudjo et al, 2021; Hounkpèvi et al, 2020; Konda et al, 
2025).

Morphological traits are fundamental not only for species 
identification but also for understanding their ecological 
adaptation and potential resilience to environmental changes. 
These traits are frequently employed to differentiate between 
taxa, particularly in species with broad geographic ranges 
or those exposed to variable environmental conditions. For 
example, Konda et al (2025) showed that morphological traits 
in Pterocarpus erinaceus Poir. contribute to its adaptability 
and resilience, allowing the species to thrive in diverse 
environments. Other studies on Mangifera indica L. have 
revealed substantial morphological variability among local 
varieties, particularly in fruit traits (e.g. fruit shape, fruit 
length, length of stone fibre), which can be used to classify 
and differentiate regional types (Adjacou et al, 2022; 2024; 
Yusuf et al, 2020). These studies emphasize the importance of 
morphological traits as reliable indicators for assessing species 
diversity and environmental adaptation, thereby providing a 
robust foundation for conservation and domestication efforts. 
This variability underscores the significance of morphological 
evaluations in agricultural biodiversity and conservation 
strategies. One illustrative case is the study by Ikabanga et 
al (2017) whose classification has remained controversial for 
over a century. Studies combining chloroplast and nuclear 
DNA sequences show the existence of several phylogenetic 
clades in this taxon, with some occurring in sympatry in 
western Central Africa suggesting the existence of at least two 
species. By combining genetic and morphological markers, we 
aim to assess the species delimitation in the Santiria species 
complex. Morphological trait (trunk, leaflet, flower and fruit 
characteristics, which highlighted the role of morphological 
traits in distinguishing species within the African tree genus 

Santiria (Burseraceae).
P. kotschyi is a species that is widely distributed across 

Sudanian and Sudano-Guinean zones, with an irregular 
distribution, locally common and gregarious (Arbonnier, 
2019). It is also found in areas prone to flooding (Diarra 
et al, 2016). The most effective propagation techniques for 
P. kotschyi are direct seeding and vegetative propagation 
(Deguenonvo et al, 2020). However, the seeds must be 
sourced from natural populations and be properly stored after 
drying. Regarding vegetative propagation, only root cuttings 
have shown a satisfactory regeneration rate (Deguenonvo et 
al, 2020). Nevertheless, the root cuttings must be obtained 
from trees with good morphological traits, particularly with 
regard to diameter, since the size of the cuttings significantly 
influences their regeneration rate (Deguenonvo et al, 2020). 
P. kotschyi is of great importance to local communities in 
Benin due to its multiple uses: food, medicinal, industrial 
and technological (Deguenonvo et al, 2023b). Previous 
studies have investigated its propagation potential through 
seeds, stem cuttings, and root cuttings (Deguenonvo et al, 
2020), as well as the structural and ecological characteristics 
of its populations (Moussilimi et al, 2022), and the synergy 
between climate dynamics, species distribution and structural 
parameters (Deguenonvo et al, 2024). Additionally, several 
studies have explored various ecological and anthropogenic 
factors affecting  P. kotschyi. These include the influence of 
biogeographical zones and anthropogenic disturbances on 
its floristic composition and habitat diversity (Deguenonvo 
et al, 2023a), the relationship between stand structure and 
population dynamics (Assédé et al, 2012), and the uses, 
cultural significance, and fire-related threats to the species 
(Deguenonvo et al, 2023b). Recognized as a key species 
in tropical and subtropical regions of Africa (Alhassan et 
al, 2021), P. kotschyi is one of the most exploited species 
in Benin. Its populations are facing challenges related to 
anthropogenic disturbances (Deguenonvo et al, 2023a) and 
the effects of climate change (Deguenonvo et al, 2024).

Morphological characterization is essential in the 
domestication processes of indigenous species. One of the key 
steps in the characterization of morphotypes is identifying 
the most discriminating morphological descriptors. Despite 
existing morphological research on native species in Benin, 
none has specifically addressed architectural, habit-related 
and productivity-related discriminating descriptors or 
morphotypes of P. kotschyi in relation to climatic gradients. 
Yet, knowledge of such descriptors is crucial for plant breeding 
and varietal selection  programs. Moreover, it enables the 
identification of relevant morphological descriptors and 
those associated with climatic and environmental factors. 
In general, plant species variability is expressed in both 
vegetative and reproductive traits (Mars and Marrakchi, 
2000).

Given the growing interest in promoting the cultivation 
of  P. kotschyi  in Benin, assessing the species morphotype 
potential is essential. In this context, identifying the 
extent of morphological trait variability and the most 
distinctive morphotypes is a crucial step toward supporting 
domestication and selection programmes.  This study, 
therefore, aims to assess the morphological trait variability 
of P. kotschyi across biogeographical zones in Benin and to 
examine the climatic and environmental factors driving this 
variation. Specifically, the objectives are to: (1) evaluate 
the morphological characteristics of P. kotschyi fruits and 
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leaves across Benin’s biogeographical zones, (2) identify 
fruit morphotypes that could be used in selection programs 
across these zones, and (3) analyze the influence of climatic 
gradients and environmental variables on fruit characteristics 
of P. kotschyi.

Materials and methods 
Study area

This study was conducted in Benin (6°30’ – 12°30’N,  
1° – 3°40’E; ~ 112,622km²), located in West Africa, which 
is characterized by three distinct biogeographical zones: the 
Guineo-Congolian zone the Sudano-Guinean zone and the 
Sudanian zone (Akoègninou et al, 2006) (Figure 1). The 
Guineo-Congolian zone features a subequatorial climate with 
bimodal rainfall, experiencing a major rainy season from April 
to July and a high humidity range of 85% to 90% (Adomou 
et al, 2006). Temperatures in this zone range between 23°C 
and 32°C, with annual precipitation varying from 950mm to 
1,400mm and are characterized by semi-deciduous forests on 
ferralitic soils. The Sudano-Guinean zone, located between 
7° and 8°30’N, exhibits complex precipitation patterns 

influenced by both southern and northern climatic systems, 
with an average annual rainfall of 1,200mm, a temperature 
of 27°C, and 60% humidity. This zone is mainly characterized 
by wooded savannas and open forests (Adomou et al, 2006). 
The Sudanian zone, located between 8°30’ and 12°30’N, has a 
unimodal rainfall pattern, with annual precipitation ranging 
from 900mm to 1,100mm and an average temperature of 
27.5°C (Adomou et al, 2006).

Sampling and data collection

Three forests were considered in the Sudanian zone, four 
in the Sudano-Guinean zone, and only one in the Guineo-
Congolian zone. Across these three biogeographical zones, 
a total of 150 randomly selected individuals belonging 
to 13 populations of P. kotschyi were identified: 59 were 
found in the Guineo-Congolian zone, 54 in the Sudano-
Guinean zone and 37 in the Sudanian zone. All samples 
were georeferenced using a GPS (see Table 1). Samples 
from Dogo-Kétou, situated within the Guineo-Congolian–
Sudano-Guinean transition zone, were classified in the 
Guineo-Congolian zone for analytical purposes. This decision 

Figure 1. Study area showing the biogeographical presence of Pseudocedrela kotschyi in Benin and the data collection forests
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reflects the southern distribution limit of the species, which 
is ecologically characteristic of the Sudanian region and does 
not extend further into the Guineo-Congolian domain (Table 
1). Measurements included diameter at breast height (DBH) 
and total height, assessed with appropriate instruments. 
Sampling involved ten leaflets and up to 30 mature fruits per 
tree, along with three to five seeds per fruit (Figure 2). Leaflet 
dimensions were measured using a graduated ruler, while 
fruit and seed length, width and thickness were recorded 
using precise electronic callipers, with weights recorded 
using a precision balance (Figure 2). The total number of 
seeds per fruit and per individual seed was documented. The 
measured traits are presented in Table 2.

Figure 2. Example a) seeds, b) fruits and c) leaves of Pseudocedrela kotschyi

Table 1. Number of samples per biogeographical zones

Biogeographical zones No. of populations No. of individuals sampled No. of fruits No. of leaves

Guineo-Congolian 3 59 1,412 1,312

Sudano-Guinean 5 54 1,083 1,193

Sudanian 5 37 591 346

Data analysis

The morphological characteristics (fruit and leaf) of trees 
in populations from each biogeographical zone were assessed 
using descriptive statistics, including means, standard 
errors and coefficients of variation. Prior to inferential 
analyses, the assumptions of normality and homogeneity of 
variances were verified. Normality of residuals was tested 
using the Shapiro-Wilk test (Shapiro and Wilk, 1965), while 
homogeneity of variances was assessed using Levene’s 
test. As these assumptions were satisfied, differences in 
morphological traits among biogeographical zones were 
evaluated using a one-way analysis of variance (ANOVA). 
When a significant effect was detected (p < 0.05), mean 
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Table 2. Mean values, standard error of the mean, and coefficient of variation of the morphological characteristics of Pseudocedrela kotschyi 
fruits and leaves across biogeographical zones in Benin. On the same line and for each character, values with the same letters are not 
statistically different (Student-Newman-Keuls test). Df, degrees of freedom; F, F value; Prob, probability; N, number of samples; se, standard 
error; CV, coefficient of variation; GC, Guineo-Congolian; S, Sudanian; SG, Sudano-Guinean.

Quantitative descriptors GC S SG Df F Prob

Fruits N 1,412 591 1,083 2, 3083

Large seed width (cm) mean 1.02b 0.96a 1.01b 23.03 < 0.001

se 0 0.01 0.01

CV 0.17 0.25 0.18

Seed length (cm) mean 4.19c 3.86a 4.01b 41.58 < 0.001

se 0.02 0.03 0.02

CV 0.17 0.22 0.19

Fruit length (cm) mean 10.27b 9.5a 9.47a 46.25 < 0.001

se 0.05 0.08 0.08

CV 0.19 0.21 0.28

Number of seeds per fruit mean 21.00c 18.00a 20.00b 64.39 < 0.001

se 0.12 0.25 0.17

CV 0.21 0.33 0.28

Seed weight (g) mean 0.56b 0.46a 0.69c 103.6 < 0.001

se 0.01 0.01 0.01

CV 0.58 0.62 0.5

Fruit weight (g) mean 51.59c 40.17a 46.66b 105.5 < 0.001

se 0.39 0.73 0.53

CV 0.28 0.44 0.38

Leaves N 1312 346 1193 2, 2848

Leaflet width (cm) mean 4.13b 3.85a 4.14b 4.233 0.1193

se 0.05 0.14 0.04

CV 0.40 0.66 0.36

Leaf length (cm) mean 36.24c 27.78a 33.57b 163.5 < 0.001

se 0.22 0.38 0.22

CV 0.22 0.26 0.23

Leaflet length (cm) mean 10.56b 8.97a 10.32b 40.2 < 0.001

se 0.08 0.14 0.09

CV 0.27 0.29 0.30

comparisons were performed using the Student-Newman-
Keuls (SNK) post-hoc test (Newman, 1939; Keuls, 1952). 
The SNK test was selected due to its suitability for detecting 
ordered differences among groups along ecological 
gradients and its effectiveness with large sample sizes, 
allowing a biologically meaningful interpretation of gradual 
morphological variation across biogeographical zones.

GPS coordinates of each sampled individual were used 
to extract values for 19 bioclimatic variables from the 
WorldClim database (http://www.worldclim.org, accessed 
on March 25, 2022). These bioclimatic data, representing 
the current climate (1970–2000), were obtained at a spatial 
resolution of 30 arc-seconds (Fick and Hijmans, 2017). 
Multicollinearity among the 19 variables (Merow et al, 2013) 
was tested based on a sample matrix of occurrence points 
and bioclimatic variables using the variance inflation factor 
(VIF) with the SDM package in R 3.6.3 (R Core Team, 2020) 
(Naimi and Araújo, 2016). A VIF threshold of < 10 was 

applied, following commonly used guidelines in ecological 
studies (Dormann et al, 2013), particularly for exploratory 
multivariate analyses such as principal component analysis 
(PCA). This threshold allowed the retention of ecologically 
relevant variables while limiting excessive collinearity, 
resulting in the selection of seven bioclimatic variables for 
further analysis. These are variables bio2 (mean diurnal 
range), bio3 (isothermality), bio5 (maximum temperature 
of the warmest month), bio10 (mean temperature of 
the warmest quarter), bio11 (mean temperature of the 
coldest quarter), bio12 (annual precipitation) and bio14 
(precipitation of the driest month).

To identify correlations between fruit morphological 
traits and bioclimatic variables across biogeographical 
zones, PCA was conducted using the FactoMineR and 
factoextra packages, with prior standardization of the data. 
The PCA was applied to the mean values of various fruit 
morphological traits and corresponding bioclimatic variables 

http://www.worldclim.org
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by latitude to emphasize large-scale ecological gradients and 
reduce local-scale variability. This approach was used for 
exploratory purposes only and not for statistical inference. 
Individual-level data were retained for all hypothesis-testing 
analyses to avoid pseudo-replication and to preserve within-
population variability. This analysis was complemented 
by a correlogram, which assessed pairwise relationships 
between morphological and bioclimatic variables using 
Pearson’s correlation coefficients. Statistical significance of 
correlations was evaluated based on associated p-values. To 
identify distinct fruit morphotypes, a hierarchical cluster 
analysis (HCA) was performed using the HCPC function 
of the FactoMineR package, which first applies a PCA to 
standardized fruit morphological traits and then conducts 
hierarchical clustering using Ward’s minimum variance 
method based on Euclidean distances calculated from 
the retained principal components. The resulting clusters 
were further analyzed through canonical discriminant 
analysis (CDA) to evaluate the degree of differentiation 
among morphotypes, using the candisc function within the 
same package. For each identified morphotype, the mean, 
standard error, and coefficient of variation were calculated 
for all morphological traits to describe their distinguishing 
characteristics. To explore the association between 
morphotypes and biogeographical zones, a multiple 
correspondence analysis (MCA) was performed using the 
FactoMineR package. All statistical analyses were carried 
out in R version 3.6.3 (R Core Team, 2020).

Results 
Morphological variability of P. kotschyi 
according to biogeographical zones

Fruit morphological traits varied significantly across 
zones (p < 0.001), as did the morphological traits of the 
leaves (p < 0.001), except for leaflet width (p = 0.1193) 
(Table 2). The highest values for several traits, such as seed 
number (21.00 ± 0.12), seed length (4.19 ± 0.02cm), fruit 
weight (51.59 ± 0.39g) and leaf length (36.24 ± 0.22cm), 
were recorded in the Guineo-Congolian zone, followed by 
the Sudano-Guinean zone (Table 2). The heaviest seeds 
(0.69 ± 0.01g) were found in the Sudanian-Guinean zone, 
followed by the Guineo-Congolian zone. Seed width (1.02 
± 0cm) and leaflet length (10.56 ± 0.08cm) had the highest 
values in the Guineo-Congolian and Sudano-Guinean zones. 
The longest fruits (10.27 ± 0.05cm) were also recorded in 
the Guineo-Congolian zone (Table 2). The coefficient of 
variation (CV) indicated significant variability among the 
different morphological traits of fruits and leaves, ranging 
from 17% for maximum seed width and seed length to 58% 
for seed weight (Table 2).

Influence of climatic factors on the 
quantitative morphological characteristics 
of the fruits of P. kotschyi

PCA was performed on standardized morphological 
traits and bioclimatic variables in order to explore their 
joint variation and identify the main gradients structuring 
the data. Morphological traits were strongly associated 
with Axis 1, while most bioclimatic variables – except for 

bio2 and bio14 – align with Axis 2. Axis interpretation was 
based on eigenvalues > 1, variance explained, and variable 
loadings, with absolute loading values ≥ 0.50 considered 
meaningful. Axis 1 was primarily defined by high positive 
loadings of fruit traits, heavier and longer fruits with more 
seeds, mainly influenced by latitude, bio2, bio3 and bio14. 
Axis 2 represents climatic variation, driven by bio5, bio10, 
bio11 and bio12. The Sudanian zone aligns with latitude 
and bio2, while the Sudano-Guinean zone is influenced 
by bio3, bio12 and bio14. The Guineo-Congolian zone, 
on the other hand, exhibits the best fruit characteristics, 
except for seed weight, which is associated with the 
variables maximum temperature of the warmest month 
(bio5), mean temperature of the warmest quarter (bio10), 
and mean temperature of the coldest quarter (bio11) 
(Figure 3). The correlogram revealed that only a limited 
number of correlations between morphological traits and 
bioclimatic variables were statistically significant, and most 
exhibited moderate effect sizes (|r| < 0.5). However, the 
correlogram of morphological traits and climatic variables 
did not provide strong or unambiguous statistical evidence 
of robust relationships between the two groups of variables 
(Figure 4).

Identification and discrimination of three 
distinct fruit morphotypes of P. kotschyi

Hierarchical classification identified three distinct fruit 
morphotypes (Figure 5). Figure 5 presents the projection 
of the three morphotypes in a coordinate system (first 
Wilks’ Lambda function = 0.101, p < 0.001; second Wilks’ 
Lambda function = 0.440, p < 0.001) represented by 
two canonical discriminant axes, which retain 100% of 
the initial information. Morphotypes 1 and 2 are clearly 
separated based on the measured morphological traits, as 
are morphotypes 1 and 3 (Figure 6).

Morphotype 1 is characterized by the lowest values 
for fruit morphological traits (Table 3). Morphotype 2 
includes long fruits (10.81 ± 0.22cm) with high variability 
and the highest number of seeds (23 ± 0.14) with low 
variation.  Morphotype 3 comprises heavy (0.99 ± 0.05g) 
and long seeds (4.46 ± 0.12cm) with little variation. 
Morphotypes 2 and 3 have the heaviest fruits (Table 3).

Figure 3. PCA biplot showing the distribution of Pseudocedrela kotschyi individual trait values within the axis system defined by seven 
bioclimatic variables and latitude. The ellipses represent 95% confidence envelopes for climatic zones. LF, fruit length (cm); PF, fruit 
weight (g); NGF, number of seeds per fruit; LG, seed length (cm); GLG, Seed width (cm); PG, seed weight (g); bio2, mean diurnal range; 
bio3, isothermality; bio5, maximum temperature of the warmest month; bio10, mean temperature of the warmest quarter; bio11, mean 
temperature of the coldest quarter; bio12, annual precipitation; bio14, precipitation of the driest month.

Figure 4. Correlogram of fruit morphological and climatic variables. The colour palette indicates positive (blue) and negative (red) 2 
correlation coefficients. A positive coefficient indicates that the two variables move in the same direction, and a negative coefficient 
indicates the opposite. LF, fruit length (cm); PF, fruit weight (g); NGF, number of seeds per fruit; LG, seed length (cm); GLG, seed width 
(cm); PG, seed weight (g); bio2, mean diurnal range; bio3, isothermality; bio5, maximum temperature of the warmest month; bio10, mean 
temperature of the warmest quarter; bio11, mean temperature of the coldest quarter; bio12, annual precipitation; bio14, precipitation of 
the driest month.

Pairwise correlation between morphological 
traits and biogeographical zones

The relationships between fruit morphotypes and 
biogeographical zones were statistically significant (chi-
square = 279.87, df = 4, p-value < 2.2e-16). The MCA 
captured 60.45% of the information on the first two axes 
(Figure 7). The Sudanian and Sudano-Guinean zones, along 
with morphotype 3, were the most represented variables on 
axis 1, while the Guineo-Congolian zone and morphotypes 
1 and 2 were well represented on axis 2. Morphotype 1 was 
most frequent in the Sudanian zone, whereas morphotype 
2 was primarily found in the Guineo-Congolian zone, and 
morphotype 3 is dominant in the Sudano-Guinean zone.
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bio2 and bio14 – align with Axis 2. Axis interpretation was 
based on eigenvalues > 1, variance explained, and variable 
loadings, with absolute loading values ≥ 0.50 considered 
meaningful. Axis 1 was primarily defined by high positive 
loadings of fruit traits, heavier and longer fruits with more 
seeds, mainly influenced by latitude, bio2, bio3 and bio14. 
Axis 2 represents climatic variation, driven by bio5, bio10, 
bio11 and bio12. The Sudanian zone aligns with latitude 
and bio2, while the Sudano-Guinean zone is influenced 
by bio3, bio12 and bio14. The Guineo-Congolian zone, 
on the other hand, exhibits the best fruit characteristics, 
except for seed weight, which is associated with the 
variables maximum temperature of the warmest month 
(bio5), mean temperature of the warmest quarter (bio10), 
and mean temperature of the coldest quarter (bio11) 
(Figure 3). The correlogram revealed that only a limited 
number of correlations between morphological traits and 
bioclimatic variables were statistically significant, and most 
exhibited moderate effect sizes (|r| < 0.5). However, the 
correlogram of morphological traits and climatic variables 
did not provide strong or unambiguous statistical evidence 
of robust relationships between the two groups of variables 
(Figure 4).

Identification and discrimination of three 
distinct fruit morphotypes of P. kotschyi

Hierarchical classification identified three distinct fruit 
morphotypes (Figure 5). Figure 5 presents the projection 
of the three morphotypes in a coordinate system (first 
Wilks’ Lambda function = 0.101, p < 0.001; second Wilks’ 
Lambda function = 0.440, p < 0.001) represented by 
two canonical discriminant axes, which retain 100% of 
the initial information. Morphotypes 1 and 2 are clearly 
separated based on the measured morphological traits, as 
are morphotypes 1 and 3 (Figure 6).

Morphotype 1 is characterized by the lowest values 
for fruit morphological traits (Table 3). Morphotype 2 
includes long fruits (10.81 ± 0.22cm) with high variability 
and the highest number of seeds (23 ± 0.14) with low 
variation.  Morphotype 3 comprises heavy (0.99 ± 0.05g) 
and long seeds (4.46 ± 0.12cm) with little variation. 
Morphotypes 2 and 3 have the heaviest fruits (Table 3).

Figure 3. PCA biplot showing the distribution of Pseudocedrela kotschyi individual trait values within the axis system defined by seven 
bioclimatic variables and latitude. The ellipses represent 95% confidence envelopes for climatic zones. LF, fruit length (cm); PF, fruit 
weight (g); NGF, number of seeds per fruit; LG, seed length (cm); GLG, Seed width (cm); PG, seed weight (g); bio2, mean diurnal range; 
bio3, isothermality; bio5, maximum temperature of the warmest month; bio10, mean temperature of the warmest quarter; bio11, mean 
temperature of the coldest quarter; bio12, annual precipitation; bio14, precipitation of the driest month.

Figure 4. Correlogram of fruit morphological and climatic variables. The colour palette indicates positive (blue) and negative (red) 2 
correlation coefficients. A positive coefficient indicates that the two variables move in the same direction, and a negative coefficient 
indicates the opposite. LF, fruit length (cm); PF, fruit weight (g); NGF, number of seeds per fruit; LG, seed length (cm); GLG, seed width 
(cm); PG, seed weight (g); bio2, mean diurnal range; bio3, isothermality; bio5, maximum temperature of the warmest month; bio10, mean 
temperature of the warmest quarter; bio11, mean temperature of the coldest quarter; bio12, annual precipitation; bio14, precipitation of 
the driest month.
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Table 3. Characteristics of three identified fruit morphotypes observed in Pseudocedrela kotschyi populations sampled in Benin. In the same 
row and for each trait, values sharing the same letters are not statistically different (Student-Newman-Keuls test). Prob, probability; mean, 
average; cv, coefficient of variation; M1, morphotype 1; M2, morphotype 2; M3, morphotype 3.

Quantitative descriptors M1 M2 M3 Prob

Large seed width (cm) mean 0.86a 1.07b 1.06b < 0.001

CV 0.24 0.13 0.14

Seed length (cm) mean 3.53a 4.13b 4.46c < 0.001

CV 0.25 0.14 0.12

Fruit length (cm) mean 8.28a 10.81c 10.18b < 0.001

CV 0.21 0.22 0.18

Number of seeds per fruit mean 15a 23c 21b < 0.001

CV 0.38 0.14 0.16

Seed weight (g) mean 0.43b 0.34a 0.99c < 0.001

CV 0.66 0.31 0.05

Fruit weight (g) mean 31.05a 54.72b 54.82b < 0.001

CV 0.39 0.22 0.26

Figure 5.  Dendrogram showing the different fruit morphotypes 
of Pseudocedrela kotschyi, based on individual values of fruit traits 
sampled in Benin. M1, morphotype 1; M2, morphotype 2; M3, 
morphotype 3.

Figure 6. Projection of fruit morphotypes of Pseudocedrela kotschyi, 
based on individual values of fruit traits sampled in Benin formed 
by the first two canonical axes. M1, morphotype 1; M2, morphotype 
2; M3, morphotype 3.

Discussion
Morphological variation of P. kotschyi across 
biogeographical zones of Benin

This study assessed the variability of leaf, fruit, and seed 
morphological traits of P. kotschyi and examined the role 
of environmental variables in the observed morphological 
patterns across the three biogeographical zones of Benin. The 
morphological characteristics of P. kotschyi fruits and leaves 
varied significantly between biogeographical zones. This 

Figure 7. Graphical representation of the results from the multiple 
correspondence analysis (MCA), showing the distribution of 
biogeographical zones and fruit morphotypes. M1, morphotype 1; 
M2, morphotype 2; M3, morphotype 3.

variability reveals heterogeneity of P. kotschyi populations 
across distinct biogeographical regions.

The results indicated that all traits exhibited significant 
variation (CV > 17%). This pronounced variability of 
morphological traits around their mean values highlights 
the diversity within P. kotschyi populations. Similar patterns 
of intraspecific variation have been reported in other 
multipurpose woody species, such as Pterocarpus erinaceus 
(Konda et al, 2025) and Strychnos spinosa (Avakoudjo et al, 
2021), which also show considerable morphological diversity 
across their distribution ranges. Such variation is often 
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attributed to the heterogeneous environmental conditions 
under which these species grow.

The highest values for morphological traits were generally 
observed in the Guineo-Congolian zone. Traits such as 
seed number, seed length, fruit length, fruit weight and 
leaf length had the highest values in the Guineo-Congolian 
zone, followed by the Sudano-Guinean zone. Additionally, 
maximum seed width and leaflet length were recorded in 
both the Guineo-Congolian and Sudanian-Guinean zones. 
Other studies have also reported greater morphological trait 
values in the Guineo-Congolian zone, including those by Daï 
et al (2024) and Houehanou et al (2019). This trend may be 
attributed to the higher water availability in this area, where 
annual rainfall ranges from 950 to 1,400mm (Adomou et al, 
2006).

The high seed weight observed in the Sudano-Guinean 
zone could be explained by the presence of an ecological 
optimum. This zone likely offers a favourable combination 
of factors, such as temperature, seasonal humidity and soil 
structure; this promotes the development of heavier seeds, 
which are advantageous for seedling survival. For example, 
a study on Prosopis africana in Benin demonstrated that fruit 
traits (including seed weight) were significantly adapted to 
climatic zones, with the highest values recorded in areas 
with the most favourable ecological conditions (coefficient of 
variation up to 58%) (Towanou et al, 2015). Similarly, the 
Sudano-Guinean zone may represent an ecological optimum 
for P. kotschyi, where environmental conditions maximize 
seed weight, even though this trait does not follow the same 
pattern as other morphological traits. 

Furthermore, this observation may be attributed to the 
presence of the species in agroecosystems of the Guineo-
Congolian zone, where it is relatively more protected due to 
its utility compared to the other two zones (Deguenonvo et al, 
2024). Based on these findings, we conclude that the Guineo-
Congolian zone would be the most suitable for a conservation 
and domestication programme of P. kotschyi in Benin.

Influence of climatic and environmental 
factors on morphological traits of P. kotschyi

The study found no strong correlation between 
morphological traits and bioclimatic variables. This may be 
partly explained by the species’ distribution range, which 
does not fully extend across all latitudes of the Guineo-
Congolian zone. Indeed, P. kotschyi is ecologically classified as 
a Sudanian species, and individuals sampled in the so-called 
Guineo-Congolian zone were located near the transitional 
boundary with the Sudano-Guinean zone. Therefore, the 
limited latitudinal range of occurrence in the southern zone 
may restrict the expression of morphological responses to 
broader climatic gradients. Similar observations have been 
made in other studies, where the ecological amplitude of 
species influences their trait-environment relationships 
(Assogbadjo et al, 2011). Moreover, integrating additional 
variables – such as genetic diversity and soil properties - could 
provide a more comprehensive understanding of the factors 
driving morphological variability (Freschet et al, 2017).

The low values observed for morphological traits, such 
as small seeds and small fruits in Sudanian zone, could be 
attributed to hot climates, which may affect their overall 
quality and viability. At higher latitudes, fruit and seed 
characteristics tend to exhibit lower values. High latitudes 
often result in reduced fruit and seed sizes, as observed in 
various species, including Cynodon dactylon, where latitude 
significantly influences morphological traits (Zhang et al, 
2018). Moreover, in the Guineo-Congolian zone, where 
temperature conditions are optimal, P. kotschyi tends to 
produce larger and heavier fruits. This finding aligns with 
the results of Hounkpèvi et al (2016) on Vitex doniana Sweet.

Relationship between fruit morphotypes and 
biogeographical zones

The identification and classification of fruit morphotypes 
are essential steps in understanding plant diversity and 
adaptation across different biogeographical zones. The 
analysis of P. kotschyi fruit morphological traits allowed 
the distinction of three morphotypes, each associated with 
specific climatic conditions. Hierarchical classification 
revealed three distinct types based on morphological traits. 
These morphotypes differed in characteristics such as fruit 
length, seed number and seed weight, which are essential 
for plant reproduction and survival. Discriminate analysis 
confirmed the distinctive nature of these morphotypes, 
highlighting the role of morphological traits in ecological 
and evolutionary processes. This classification aligned with 
findings from other studies on fruit and seed morphometry, 
which highlighted the importance of these traits in plant 
adaptation and evolutionary processes (Adjacou et al, 2024; 
Houndonougbo et al, 2020).

Morphotype 1 was characterized by the lowest values of 
fruit morphological traits, indicating potential adaptation to 
more arid conditions with a high diurnal temperature range 
(bio2) and the influence of latitude. This aligns with the 
observed trend where higher latitudes lead to reduced fruit 
and seed sizes (Zhang et al, 2018). Morphotype 2 consisted 
of longer fruits with significant variation in length, possibly 
reflecting a strategy that enhances seed dispersal and optimal 
germination (Avakoudjo et al, 2021; Lawin et al, 2021; Daï et 
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al, 2024). Morphotype 3 included heavy and long seeds, and 
high biomass production (Houndonougbo et al, 2020), which 
benefit seedling establishment and are likely to promote good 
germination and growth of P. kotschyi seedlings, as reported 
for Uvaria chamae  by Daï et al (2024) and for Cola millenii 
by Lawin et al (2021). Heavier seeds may improve seedling 
survival by enhancing resilience to rainfall variability and 
specific edaphic conditions (Freschet et al, 2017).

Perspectives for the domestication and 
sustainable management of P. kotschyi in 
Benin

The results indicate that the Guineo-Congolian zone 
presents favourable conditions for the conservation and 
potential domestication of P. kotschyi, particularly for 
objectives related to vegetative growth and potential timber 
production. This zone provides higher water availability, 
moderate temperatures and enhanced protection of 
individuals within agroecosystems, which may support 
better vegetative growth and timber yield (Deguenonvo et al, 
2024). However, when considering domestication for fruit or 
seed production, the Sudano-Guinean zone may offer more 
optimal conditions. This is supported by the observation that 
seed weight - an important trait for reproductive success and 
seedling establishment – was significantly higher in this zone, 
possibly reflecting an ecological optimum for reproductive 
performance.

Although  P. kotschyi  seeds are not currently utilized in 
human food systems, their potential for future industrial 
applications, such as medicinal use or oil extraction, may 
increase interest in their production. Consequently, both 
biogeographical zones offer strategic value depending on 
domestication objectives: the Guineo-Congolian zone is 
better suited for timber production and conservation, while 
the Sudano-Guinean zone presents greater potential for 
enhancing fruit traits and seed valorization. To support in 
situ and ex situ conservation strategies, we recommend the 
following actions: (1) preserve natural populations in the 
Guineo-Congolian zone, (2) investigate genetic diversity to 
better understand adaptation mechanisms and domestication 
potential, and (3) engage local communities actively in 
conservation efforts by integrating them into management 
programmes to enhance sustainability.

Conclusion

This study reveals notable morphological variation in P. 
kotschyi across Benin’s biogeographical zones, influenced 
by environmental factors such as rainfall, temperature and 
latitude. Three distinct fruit morphotypes were identified, 
illustrating the species’ adaptability to diverse climates. The 
Guineo-Congolian zone proved most favourable, producing 
larger and heavier fruits and seeds that enhance dispersal 
and seedling survival. However, the weak correlation 
between morphological traits and climatic variables suggests 
that other factors, particularly soil conditions and genetic 
diversity, may also shape this variability. These insights 
underscore the importance of adopting an integrated 
approach to conservation and domestication. Combining 
morphological, ecological and genetic data is essential to 
understanding the species’ adaptive potential. Sustainable 

strategies, including protecting natural populations, selecting 
productive morphotypes and involving local communities, 
are crucial for ensuring the long-term survival of P. kotschyi. 
Such approaches will contribute to biodiversity conservation 
and the development of climate-resilient agroforestry systems 
in Benin.
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