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Trees diversity explains variations in biodiversity-ecosystem function relationships across environmental gradients and conservation status in riparian corridors
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Riparian ecosystems are recognized as large reservoirs of biodiversity providing important ecosystem services. However, the relationship between tree species diversity and ecosystem functions and the underlying ecological mechanisms have less been studied in riparian corridors. This study assessed the effect of tree diversity (taxonomic, functional, and phylogenetic) on riparian ecosystem functions (habitat quality–HbQ and aboveground carbon–AGC) across environmental gradients (distances to stream bed) and conservation status. Data were collected from 96 inventory plots installed in a 1 km buffer zone on either side of permanent streams in the Upper Ouémé watershed in northern Benin. We employed linear mixed effects models and structural equation modeling to analyze the data. We found that ecosystem functions (HbQ, AGC) and diversity attributes including species richness (SR), Faith’s phylogenetic diversity index (PD) and community-weighted mean of maximum height (CWMHmax) were significantly lower away from the streambed than nearby. The correlation between SR and ecosystem functions was significant and positive across and within the distance gradient and conservation status. We also found that the CWMHmax was the best predictor of both ecosystem functions, and that PD mediated the effect of SR on AGC and HbQ in areas close to the streambed and in unprotected areas, respectively. Our study reveals the influence of human activities on biodiversity and ecosystem functioning relationships in riparian corridors and provides new insights into the importance of tall stature trees and species with distant lineages for the functioning of these ecosystems. Based on the variables measured and tested in this study, we argue that riparian corridor management policies should consider plant traits and phylogeny and promote wider riparian buffers for the co-benefits of biodiversity conservation and climate change mitigation.

Keywords
aboveground carbon, habitat quality, protected areas, Upper Ouémé, West-Africa


1 Introduction

Understanding the relationships between biodiversity and the functioning of ecosystems is a central focus of conservation ecology research. Riparian ecosystems provide important ecosystem services (hereafter ES) and refuge habitats for many animals and plant species (Natta et al., 2002; Swanson and Bohlman, 2021; Saklaurs et al., 2022), particularly in arid and semi-arid Sudanian areas, where they are the only ecosystems that offers environmental conditions similar to those prevailing in wetland ecosystems (Natta, 2003). Riparian ecosystems have received more attention in recent decades especially due to their potential to play a dual role as corridors for dispersing individuals and genes and mitigating climate change through carbon sequestration (Seavy et al., 2009; Dybala et al., 2019). However, studies about the relationships between tree species diversity, habitat quality (HbQ) and carbon storage in riparian ecosystems are still limited. Previous studies have shown that HbQ ensures functionality in different types of ecosystems around the world (Deng et al., 2018; Mensah et al., 2020a; Mengist et al., 2021; Yang et al., 2021; Jin et al., 2022). For example, Yang et al. (2021) analyzed changes in trade-offs and synergistic relationships between grassland functions, including HbQ and carbon storage, in the Yellow River watershed in China. These two ecosystem functions were also considered in the analysis of the influence of tree species diversity on ecosystems multifunctionality in the Afromontane forest in South Africa (Mensah et al., 2020a). Assessing HbQ and carbon storage in riparian corridors is particularly important for maintaining biodiversity and sustaining ecosystem functioning.

The relationships between tree species diversity and ES are controlled by an interaction of complex ecological processes (Noulèkoun et al., 2021). Several studies have shown that taxonomic diversity often measured by species richness (SR) does not always cover the entire functional spectrum relevant to specific ecological functions and often lacks information on the evolutionary history of communities (Jarzyna and Jetz, 2016; Mensah et al., 2020a). The combined use of trait-based approaches and phylogenetic attributes to understand ecological processes in plant communities is increasingly relevant because of their potential to provide more information about community structure, ecological strategies and species adaptations (Duru et al., 2014; Jarzyna and Jetz, 2016; Ohlert et al., 2022). Therefore, taking into account the relative importance of biotic mechanisms (quantified through functional diversity, functional composition and phylogenetic diversity) that contribute to ecological processes could help to better explain the relationships between species diversity and ES (Cadotte et al., 2011; Esquivel et al., 2020; Mensah et al., 2020a; Sintayehu et al., 2020; Noulèkoun et al., 2021). These mechanisms are supported by several theories including the “niche complementarity effect” and “selection effect,” which are widely debated in the literature (Mensah et al., 2016; Ali, 2019; Sintayehu et al., 2020; Noulèkoun et al., 2021; Ullah et al., 2021). The niche complementarity, which can be tested using functional diversity attributes (Violle et al., 2007; Noulèkoun et al., 2021), suggests that increasing species diversity would promote a greater pool of functional traits with a positive effect on ecosystem functioning due to efficient use of available resources (e.g., light; Tilman et al., 1997; Hector, 1998). As an alternative to the niche complementarity effect, the selection effect, often tested using functional composition attributes, postulates that a more diverse community has a higher probability of including one or few dominant species that disproportionally contribute to ecosystem functioning (Tilman et al., 1997; Hector, 1998). Evidence for selection effect has been indicated partly through support to the “mass ratio” hypothesis in forests, which posits that the functional traits of the dominant species primarily determine ecosystem functioning (Grime, 1998; Ruiz-Benito et al., 2014). In addition to functional diversity and composition, phylogenetic diversity that quantifies the relatedness between species within a community, such as the sum of the lengths of branches in a phylogenetic tree linking all species (Faith, 2006; MacIvor et al., 2018), has the potential to increase ecosystem functioning via complementarity of beneficial attributes among phylogenetically distant species (Navarro-Cano et al., 2016; Oka et al., 2019).

Furthermore, ecological processes that directly or indirectly influence the relationships between biodiversity and ecosystem functioning may vary depending on the environmental context (Mensah et al., 2016; Noulèkoun et al., 2021; Pyles et al., 2022; Swacha et al., 2023). For example, Noulèkoun et al. (2021) found that functional composition attributes linked SR to aboveground carbon (AGC) at a broad environmental scale. Similarly, Butterfield and Suding (2013) found that single-trait indices of functional composition best related changes in environmental gradients to forage productivity and soil carbon. Yuan et al. (2020) also reported an indirect effect of plant phylogenetic diversity via increased stand structural complexity on multiple ecosystem functions, under the influence of local scale changes in environmental conditions. However, although many attempts have been made to explain the influence of environmental factors (e.g., slope, altitude, soil characteristics, climate and disturbance regimes) on the relationships between species diversity and ecosystem functions (Concostrina-Zubiri et al., 2014; Mensah et al., 2016, 2023a; Noulèkoun et al., 2021, 2024; Pyles et al., 2022; Swacha et al., 2023), additional knowledge on the role of other aspects like ecosystem conservation status and the distance from streambed may shed new insights on the functioning of riparian corridors. Reports from the Habitats Directive (92/43/European Economic Community) suggest that protected areas better contribute to the protection of habitats and species and offer more opportunities to safeguard ESs than non-protected areas (Maes et al., 2012; Rees et al., 2013). For example, Maes et al. (2012) observed that habitats with a conservation status provided more biodiversity and ESs than unprotected habitats. Similarly, Huang et al. (2022) showed that the Amazon protected areas have a cooling effect on local land surface temperature compared to unprotected areas with the same land cover. Therefore, conservation status could influence the relationships between ESs (e.g., HbQ, carbon storage) and tree species diversity, especially in specific ecosystems such as the riparian corridors.

It is also important to examine the influence of the spatial distribution of riparian forests (Ding et al., 2017) by including the mediation effect of the distance gradient from the streambed in the relationships between tree species diversity and ESs. For example, previous studies have found a negative correlation of AGC stocks with distance to streambeds (Suchenwirth et al., 2012; Nunes et al., 2018). Besides, several studies found that HbQ (in terms of structure and diversity) of natural ecosystems was correlated with the distance to the streambed due to human proximity and variation in soil properties and light intensity (Swamy et al., 2000; Herrero-Jáuregui et al., 2011; Keeton et al., 2017; Kouagou et al., 2018; Leishangthem and Singh, 2018). The integration of the abovementioned abiotic factors into an integrative model that analyses the relationships between species diversity and ecosystem functioning could help to define strategies for the sustainable management of riparian corridors and take appropriate legislative measures to maintain ecological connectivity.

In this study we employed a piecewise structural equation modeling (pSEM) to test three major hypotheses based on three major research questions on biodiversity–ecosystem functioning relationships. We used HbQ and AGC as proxies for ecosystem functions. We asked:


(1)Do ecosystem functions (i.e., HbQ and AGC) and species diversity attributes (i.e., SR, phylogenetic diversity, functional composition, and functional diversity) of riparian corridors vary with the distance from the streambeds and conservation status of the riparian corridors? We hypothesized that HbQ, AGC and species diversity attributes of riparian corridors would decrease with increasing distance from streambed probably because of the higher human pressure far from the streambed and changes in microclimatic conditions and nutrients availability. We also hypothesized that HbQ, AGC and species diversity attributes would be higher in protected areas than non-protected areas due to the more effective management policies in protected areas.

(2)Are HbQ and AGC directly related to SR? How do the SR-HbQ and SR-AGC bivariate relationships change with the distance from the streambeds and conservation status? We hypothesized that HbQ and AGC would increase with SR consistently along the distance gradient from the streambed and across the conservation statuses. However, we expect that the strength of HbQ-SR and AGC-SR bivariate relationships would increase as we move far from the streambeds and would be higher in non-protected areas than in protected areas, probably due to the stress-gradient hypothesis (Maestre et al., 2009) which posits that the positive effects of plant diversity on ecosystem functioning are strengthened in environments unfavorable for plant growth in both experiments and natural systems.

(3)How do other attributes of species diversity (functional diversity, functional composition and phylogenetic diversity) relate SR to HbQ and AGC and what is their relative importance within and across distance from streambed and conservation status? We expect that functional diversity and functional composition attributes would be stronger mediators of the SR-HbQ and SR-AGC relationships than phylogenetic diversity, in line with previous findings showing their greater importance for the functioning of tropical forests (Cavanaugh et al., 2014; Mensah et al., 2016, 2020a,2024; Ali et al., 2017; Sintayehu et al., 2020; Wondimu et al., 2021; Wang and Ali, 2022; Noulèkoun et al., 2024).





2 Materials and methods


2.1 Study area and data collection

The study was carried out in the Upper Ouémé watershed at the Bétérou outlet in northern Benin, located between 9° 9′ and 10° 11′ N and 1° 30′ and 2° 48′ E (Figure 1). This area is located in the Sudanian zone with an average rainfall of around 1,160 mm between 1961 and 2010 (Akognongbe et al., 2014; Biao, 2017; Kodja et al., 2020), and a predominantly ferruginous soil type (Richard, 2012). Land use in this watershed consists of cultivated lands, savannas and gallery forests along the rivers (Bigot et al., 2005; Akognongbe et al., 2014). The watershed covers a total area of 10,140 km2, and 12% of which (1,223 km2) is occupied by the Ouémé Supérieur classified forest.
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FIGURE 1
Layout of the forest inventory plots.


We collected data from 32 sites, spanning six (6) municipalities. The sampling sites were selected following the same latitude within a 1 km buffer zone on each side of the permanent streams of the watershed. Three circular plots of 18 m of radius (approximately 0.1 ha) were installed at each site following three distance intervals from the streambed: 0 to 300 m (near), 300 to 600 m (intermediate) and 600 to 1000 m (far). Thus, a total of 96 circular plots were randomly installed and inventoried. Individual trees with a diameter at breast height (DBH) ≥10 cm (referred to as adult trees) were inventoried within the plots of 0.1 ha. The total height (H) and DBH of trees were measured with a handheld clinometer and diameter tape, respectively. At the center of each 0.1 ha plot, a subplot of 4 m of radius (50.24 m2) was installed for the systematic count of young trees (3 cm < DBH < 10 cm and H < 10 m). These data were used in the computation of HbQ.

A total of 1223 trees belonging to 79 species were inventoried. The scientific name of each individual tree species was identified using the national flora of Benin (Akoègninou et al., 2006) and an illustrated collection of Sahelian woody plants (Arbonnier, 2009), with the support of local botanical experts. However, when local experts failed to identify the species or when they have doubt about the species name, specimens were collected and transported to the National Herbarium of Benin for the identification or confirmation of their names.



2.2 Data processing


2.2.1 Ecosystem functions

We considered AGC and HbQ as proxies for ecosystem functions in this study. AGC sequestration is widely recognized as a fundamental ES in the global context of climate change mitigation (Salunkhe et al., 2018). It was selected to account for provisioning ES if harvested as timber in forests but also as regulating ES due to its key role in the global climate regulation. In the context of this study, HbQ measures the health of the ecosystem and generally stands for the property of goodness of ecosystems (Schuler et al., 2017). HbQ is assumed to affect the capacity of an ecosystem to supply services (Liquete et al., 2016).


2.2.1.1 Carbon storage estimation

We first estimated the aboveground biomass (AGB) using the best-fit allometric model developed by Chave et al. (2014) for tropical trees (Eq. 1). By including trunk diameter, total tree height, and specific wood density (WD) in the same aboveground biomass model as covariates, the authors generated a single pan-tropical model using a dataset that covers a wide range of environmental and vegetation types in Africa, South America, South Asia, and Australia. The equation of Chave et al. (2014) has been applied to estimate the AGB of individual trees in several studies conducted in the study region (Mensah et al., 2020b,2023b; Noulèkoun et al., 2024). In the absence of species-specific and regional allometric equations for West-Africa, the Chave et al. (2014) equation can be used for reliable biomass estimates (Mensah et al., 2020b).
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where AGB is the aboveground tree biomass (kg); H is the tree Height (m); WD is species-specific wood density (g⋅cm–3); DBH = tree diameter at breast height (cm).

Wood density values were obtained from the global wood density database (Kattge et al., 2011). The CSV file of this global database was obtained from the package BIOMASS version 2.1.8 (Réjou-Méchain et al., 2017) in R version 4.1.0 (R Core Team, 2021). The AGB was estimated at plot level by summing the AGB of all individual trees within the plot. The AGC was estimated by multiplying the plot-level AGB by the conversion factor of 0.47, as recommended by IPCC (2006).



2.2.1.2 Habitat quality estimation

Based on the hypothesis that the vertical structure variability is correlated to habitat quality (Schuler et al., 2017), HbQ was measured by the vertical structural diversity which refers to the Shannon diversity index based on the number of individual stems in tree height classes (Hheight, Eq. 2). Three height classes were defined in this study following Mensah et al. (2020a): < 10 m, 10–20 m and > 20 m. The Hheight was calculated as follows:
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where pi is the percentage of trees in the ith height class within the jth sample plot. The higher the Hheight, the better the habitat quality.




2.2.2 Environmental factor

We used the distance from the streambed of riparian corridors as the single environmental factor. The distance from the streambed is considered to affect habitat quality (structure and diversity). A low habitat quality is expected far from the streambed due to the influence of human proximity and variation in soil properties and light intensity (Swamy et al., 2000; Herrero-Jáuregui et al., 2011; Keeton et al., 2017; Kouagou et al., 2018; Leishangthem and Singh, 2018). The plots that are located at < 300 m from the streambed were considered close, those located between 300 and 600 m were at an intermediate distance and those located between 600 and 1000 m were at a far distance away from the streambed.



2.2.3 Riparian corridors status

We used the protection status (protected vs. non-protected) as a measure of corridor’s conservation status. The conservation status is often used by ecologists to evaluate the effectiveness of protected areas. Higher biodiversity is expected in protected areas than in non-protected areas given that human activities are highly restricted in protected areas (Houessou et al., 2013). The conservation status is a categorial variable in this study with two levels: “non-protected areas” when the plot is located in a non-protected area and “protected areas” when it is located in a protected area.



2.2.4 Estimation of diversity metrics

Four metrics were used to measure the diversity of the riparian corridors: taxonomic diversity, functional diversity, functional composition, and phylogenetic diversity. Taxonomic diversity was quantified by the SR, which is defined as the number of distinct species observed within a plot. SR was computed with the package vegan (Okansen et al., 2020) using a species-abundance matrix. Functional diversity was estimated based on three relevant functional traits: specific leaf area (SLA), WD and maximum plant height (Hmax). SLA was obtained from the TRY plant traits database1 (Kattge et al., 2020). The species Hmax was calculated as the 90th percentile height of all trees of the species (Pyles et al., 2022). The trait values were used to estimate functional richness (FRic), functional evenness (FEve), functional divergence (FDiv) and functional dispersion (FDisp) at the plot level (Botta-Dukát, 2005; Villéger et al., 2008) with the package “FD” in R (R Core Team, 2021). The functional composition was measured by the plot level community-weighted mean (CWM) for each functional trait. CWM is the mean of each species trait value weighted by the species relative abundance. Then, CWM was estimated for SLA, WD, and Hmax using the “FD” package in R. The number of plots used to compute functional diversity and composition was limited to 85 because the values of the selected traits were not available for some species recorded in 11 plots.

To estimate the phylogenetic diversity, we first rooted and time-calibrated a phylogenetic tree by connecting the species observed in the 85 surveyed plots to the mega-phylogeny implemented in the V.PhyloMaker2 package (Jin and Qian, 2022). Based on the phylogeny tree, we computed the Faith’s phylogenetic diversity index (PD) using the R package “picante” (Kembel et al., 2010) in R. We also computed the Mean Pairwise Phylogenetic Distance (MPD), the Mean Nearest Taxon Distance (MNTD) and the Nearest Taxon Index (NTI) using V.PhyloMaker2 package. The Standardized Effect Sizes (SESs) of MPD and MNTD were also computed to account for the correlation between species richness and phylogenetic metrics (Mazel et al., 2016; Sandel, 2018).




2.3 Statistical analyses

To test the first hypothesis, we used Generalized Linear Mixed-effects Models (GLMMs) to assess the significant effects of the distance from the streambed and conservation status and their interactions on ecosystem functions and plant diversity metrics. The distance from the streambed and conservation status were used as fixed factors and the site identity (1| sites) as random factor to account for unknown heterogeneity effects (Mensah et al., 2018). Poisson distribution was used to model SR (Zuur et al., 2009; Mensah et al., 2020b) while plant diversity metrics and ecosystem functions were modeled using the Gaussian distribution. Because we have more than one metric that can represent each diversity group (functional diversity, functional composition and phylogenetic diversity), we selected the most representative metric per group by performing multi-model inference analyses using the “dredge” function of the MuMIn package in R (Bartón, 2018). The most representative metric is the one that showed the highest relative importance value. The GLMM parameters were estimated using the package nlme with a restricted maximum likelihood estimator (Pinheiro and Bates, 2000) in R. Conditional R2 (variance explained by fixed and random factors) and marginal R2 (variance explained by fixed factors only) values were computed using the function r.squared GLMM in the package MuMIn (Bartón, 2018). All the dependent variables were scaled but we log-transformed AGC, FRic and CWM of Hmax (CWMHmax) before scaling them to meet the normality assumptions.

To test the second hypothesis, we first used LMM to examine whether the bivariate relationships SR-AGC and SR-HbQ are significant using the initial global dataset. Thereafter, we tested the significance of the LMM for each distance interval and conservation status by splitting the initial global dataset into 5 subsets based on the three distance intervals and two conservation status levels. For the initial dataset, we used 1| sites/ conservation status/distance as a random term. For the subsets, we used 1| sites/distance for each conservation status as a random factor. Alternatively, 1| sites/conservation status was used as a random factor for each distance interval. The significance and strength of the bivariate relationships were compared using the regression slopes (effect sizes) and Pearson coefficients of correlation.

To test the third hypothesis, we performed pSEM based on the most representative metrics that were selected from the multi-model inference analyses. pSEM was chosen because it offers the opportunity to combine in a single causal network several predictor and response variables (Grace, 2006; Shipley, 2016). pSEM is often preferred to the other modeling approaches as it tests the direct and indirect effects of hypothesized causal relationships (Fan et al., 2016) and allows the inclusion of both simple linear and mixed-effects regressions in the modeling framework (Shipley, 2016). For the pSEM analyses, we selected the most representative metrics per group of diversity attributes for the initial pooled dataset and for each distance interval and conservation status using the methodology described above (see 1st paragraph). The pSEM was performed separately for the pooled dataset and for each distance interval and conservation status. To account for unknown heterogeneity effects in the dataset, we used LMM as a regression method to predict all response variables in the pSEM. We used 1| sites/conservation status/distance as a random factor in the LMM for the initial pooled dataset. For each distance interval and conservation status, 1| sites/distance and 1| sites/conservation status were used as random factors, respectively. To perform the pSEM, we started with a saturated model (including all possible causal paths) and improved the model fit by removing non-significant paths while adding potential covariance effects based on the path modification indices (Luo et al., 2019). The saturated model was compared to the reduced models using AIC (Akaike Information Criteria) and the model with the lowest AIC value was selected as the most parsimonious one (Luo et al., 2019). Before the multi-model inference analysis and the pSEM, we standardized all the variables using the function “scale” in R to bring them to the same scale (Fanin et al., 2018). We only tested direct and indirect effects during the modeling given that SR-HbQ and SR-AGC paths were not significant to test the total effect in the pSEM. The indirect effects were determined through manual computation by multiplying the coefficient of the direct effect of SR on the mediator with that of the direct effect of the mediator on the response (AGC or HbQ). The indirect effect is judged significant if the two direct effects are significant.

We fitted all the pSEMs using the “piecewiseSEM” package in R (Lefcheck, 2016). The goodness-of-fit (GOF) of the models was evaluated using the Fisher’s C test statistic. The model is well-fitted to the data when the test probability value of Fisher’s C is greater than the threshold of 5% (Lefcheck, 2016).




3 Results


3.1 Selected metrics of functional diversity, functional composition and phylogenetic diversity

The results from the multi-model inference analyses showed that the CWMHmax, FRic and PD were the most important metrics to predict AGC and HbQ considering the initial dataset (Table 1). Therefore, we represented functional composition by CWMHmax, functional diversity by FRic and phylogenetic diversity by PD in the analyses based on the initial dataset. At the close distance interval, FDiv, CWMHmax, and PD were selected as the most relevant metrics to predict AGC while FDisp, CWMHmax, and MPD showed the highest relative importance values for HbQ. At the intermediate distance, FRic, CWMHmax, and PD exhibited the highest relative importance value and were therefore selected as the most representative metrics to explain AGC and HbQ. Far from the streambed, FDiv, CWMHmax and PD were selected as the most relevant metrics for AGC prediction whereas FRic, CWMSLA, and PD were the most relevant metrics for HbQ. Regarding the conservation status, FRic, CWMHmax, and PD were the most relevant metrics for AGC prediction in protected areas while FDisp, CWMHmax and MNTD were the most relevant for HbQ. In non-protected areas, we selected FDisp, CWMHmax, and PD as the most relevant metrics to explain AGC and HbQ.


TABLE 1 Relative variable importance (RVI) of functional diversity, functional composition, and phylogenetic diversity metrics used as predictors of aboveground carbon (AGC) and habitat quality (HbQ) across distances to streambed and conservation statuses.
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3.2 Effect of the distance from streambed and conservation status on riparian corridors functions and species diversity attributes

The results of the linear mixed-effects model showed a significant effect of distance from streambed on AGC and HbQ (Table 2). Plots located far from the streambed showed significantly lower HbQ than those located nearby. Similarly, plots located far from the streambed and in the middle showed significantly lower AGC than those located nearby.


TABLE 2 Results of the generalized linear mixed-effects models (GLMMs) testing the effects of the distance from the streambed and conservation status on plant diversity metrics and ecosystem functions.
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Taxonomic, functional, and phylogenetic diversity attributes varied significantly along the distance gradient (Table 2). SR and PD were significantly lower away from the streambed than nearby. CWMHmax was significantly lower away from the streambed and in the middle than nearby. However, no significant difference in FRic was found along the distance gradient (p > 0.05).

Furthermore, the results revealed no significant differences in ecosystem functions and different diversity attributes according to conservation status (p > 0.05; Table 2). However, the interaction between the distance intervals and conservation status showed significant differences in AGC and some diversity attributes (SR, PD, and CWMHmax). We observed a positive interaction effect between distance intervals and conservation status on AGC, SR and PD, which was particularly evident far from the streambed within the protected area. Additionally, the interaction effect on CWMHmax was positive at intermediate distances within the protected area.



3.3 Variation of SR-AGC and SR-HbQ bivariate relationships along the distance gradient from the streambed and between the conservation status

The results showed that HbQ and AGC increased significantly with SR for the pooled dataset (Figures 2A, 3A). The bivariate SR-AGC relationship was also positive and significant in both protected (Figure 2B) and unprotected (Figure 2C) areas. However, the strength of the SR-AGC bivariate relationship was marginally higher in protected areas. Following the distance intervals, the SR-AGC bivariate relationship was positive and significant in the plots located far from the watercourse and those located at intermediate distance (Figures 2E, F), but the strength of the SR-AGC relationship was higher at the intermediate distance (Figure 2E) than at far distances (Figure 2F). The relationship between SR and AGC was not significant close to the watercourse (Figure 2D).
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FIGURE 2
Aboveground carbon (AGC)-Species richness (SR) bivariate relationships for the initial dataset (A), within each conservation status (B,C) and each distance from the streambed (D–F). AdjR2 is the adjusted coefficient of determination in percentage, ns indicates non-significant relationships. AGC was log transformed to meet the normality assumption. The graph on the extreme left hand side indicates the effect size of the correlation between AGC and SR within and across conservation statuses and distance intervals. NPA, non-protected area; PA, protected area; S, slope of AGC-SR regression. **Indicates the p-value is smaller than 0.01 and ***p-value smaller than 0.001.
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FIGURE 3
Habitat quality (HbQ)-Species richness (SR) bivariate relationships across the distance gradient and conservation status (A), within each conservation status (B,C) and each distance from the streambed (D–F). AdjR2 is the adjusted coefficient of determination in percentage, ns indicates non-significant relationships. The graph on the extreme left hand side indicates the effect size of the correlation between HbQ and SR within and across conservation status and distance intervals. *Indicates the p value is smaller than 0.05. NPA, non-protected area; PA, protected area; S, slope of HbQ-SR regression; S, slope of AGC-SR regression. **For a probability value smaller than 0.01.


The SR-HbQ relationship was only significant for the initial dataset and in unprotected areas (Figures 3A, C). This relationship was not significant in protected areas (Figure 3B). The HbQ-SR relationship was not significant over the whole range of distances (Figures 3D–F).



3.4 Direct and indirect effects of SR on HbQ and AGC


3.4.1 Direct and indirect effects across distance gradient and conservation status

The pSEM for the initial dataset showed a good fit to the data, as indicated by the acceptable range of the values of all GOF indicators (Supplementary Table 1). Based on the pSEM results, we found a significant effect of SR on FRic and PD (Figures 4A, B). Additionally, SR shared a significant positive covariance with PD. CWMHmax was also positively related to AGC and HbQ. SR had no direct or indirect effect on AGC and HbQ.
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FIGURE 4
Results of the pSEM for the initial dataset (across the distance gradient and conservation status) relating (A) species richness (SR), functional richness (FRic), community weighted mean of maximum height (CWMHmax) and Faith’s phylogenetic diversity index (PD) to the aboveground carbon (AGC) and (B) habitat quality (HbQ). The values without brackets on the graphs are the standardized path coefficients and their significance is summarized in the Appendix (Supplementary Table 3). The values within brackets represent the coefficients of determination (R2) for the response variables. The solid arrows represent the significant (p < 0.05) causal paths, while the dashed arrows represent the non-significant (p > 0.05) causal paths. The goodness-of-fit (GOF) statistics are summarized in Supplementary Table 1. The double-pointed arrow indicates significant covariances.




3.4.2 Direct and indirect effects across the distance intervals

Similar to the initial dataset, the pSEM for the distance intervals exhibited a good fit to the data (Supplementary Table 1). The results showed that SR had significant and positive effects on FDiv and PD close to the streambed (Figure 5A). At this distance interval, CWMHmax and PD exhibited significant positive effects on AGC and PD mediated the effect of SR on AGC (Supplementary Table 2). Only CWMHmax predicted HbQ close to the streambed with a positive effect. CWMHmax also shared a significant positive covariance with FDisp close to the streambed (Figure 5B). At intermediate distance interval, FRic and PD were positively predicted by SR. At this distance interval, both AGC and HbQ were significantly and positively related to CWMHmax (Figures 5C, D). We also found that PD shared positive covariate relationships with FRic and SR at this distance interval. Far from the streambed, we found significant positive effects of SR on PD and FRic and significant positive covariance between SR and PD (Figures 5E, F). The other relationships were not significant at this distance interval.
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FIGURE 5
Results of the SEM relating species richness (SR), functional richness (FRic), community weighted mean of maximum height of species (CWMHmax), Faith’s phylogenetic diversity index (PD), functional divergence (FDiv) and mean phylogenetic distance (MPD) to aboveground carbon (AGC) and Habitat quality (HbQ) along the distance intervals: (A,B) close to the streambed (0–300 m), (C,D) intermediate distance (300–600 m) and (E,F) far from the streambed (600–1000 m). The values without brackets on the graphs are the standardized path coefficients and their significance is summarized in Supplementary Table 4. The values within brackets represent the coefficients of determination (R2) for the response variables. The solid arrows represent the significant (p < 0.05) causal paths, while the dashed arrows represent the non-significant (p > 0.05) causal paths. The goodness-of-fit (GOF) statistics are summarized in Supplementary Table 1. The double-pointed arrow indicates significant covariances.




3.4.3 Direct and indirect effects according to the conservation status

The pSEM for the conservation status also exhibited a good fit to the data (Supplementary Table 1). We found a positive effect of SR on FRic, CWMHmax and PD while SR negatively influenced MNTD in protected areas (Figures 6A, B). Moreover, a significant positive covariance was found between SR and PD while a negative covariance was found between SR and MNTD in the protected areas. Only HbQ was significantly influenced by CWMHmax in protected areas. In non-protected areas, SR did not influence CWMHmax but had a positive effect on FDisp and PD. For this conservation status, ecosystem functions were predicted by PD and CWMHmax. CWMHmax positively predicted AGC and HbQ. PD exhibited a direct effect on HbQ only, thereby linking SR to HbQ (Figures 6C, D and Supplementary Table 2).
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FIGURE 6
Results of the SEM relating species richness (SR), functional richness (FRic), functional dispersal (FDisp), community-weighted mean of maximum height of species (CWMHmax), Faith’s phylogenetic diversity index (PD), and mean nearest taxon distance (MNTD) to aboveground carbon (AGC) and Habitat quality (HbQ) according to the conservation status: (A,B) protected area and (C,D) non-protected area. The values without brackets on the graphs are the standardized path coefficients and their significance is summarized in Supplementary Table 5. The values within brackets represent the coefficients of determination (R2) for the response variables. The solid arrows represent the significant (p < 0.05) causal paths, while the dashed arrows represent the non-significant (p > 0.05) causal paths. The goodness-of-fit (GOF) statistics are summarized in Supplementary Table 1. The double-pointed arrow indicates significant covariances.






4 Discussion

We assessed the relationships between tree diversity and ecosystem functions, as well as the relative importance of biotic mechanisms along a gradient of distance from the streambed and between conservation status. We found a significant effect of distance from the streambed on ecosystem functions (HbQ, AGC) and diversity attributes (SR, PD and CWMHmax), as well as positive and significant correlations between ecosystem functions and SR. In addition, direct and indirect effects showed that the functional composition attribute (CWMHmax) was the best predictor of both ecosystem functions in most of the cases, and that Faith’s phylogenetic diversity index (PD) mediated the effect of SR on AGC and HbQ in areas close to the streambed and in unprotected areas, respectively.


4.1 Effect of the distance to streambed and conservation status on riparian corridor functions and plant diversity

Distance from the riverbed had significant effects on ecosystem functions and diversity attributes (taxonomic, phylogenetic, and functional). We found that plant communities located far from the streambed exhibited lower ecosystem functions (HbQ, AGC) and diversity (SR, PD, and CWMHmax) than those located nearby, in line with our first hypothesis. These results are in agreement with those of Paixão et al. (2013), who reported that plant species richness of riparian zones decreased with increasing distance from the watercourse. Similarly, previous studies also revealed that forests closer to streams had higher composition, vegetation height and tree species diversity than riparian forest edges (Wasser et al., 2015; Xu et al., 2017; Maracahipes-Santos et al., 2020). Teixeira et al. (2022) also observed that proximity to the watercourse favored phylogenetic diversity and plant growth. The lower diversity, HbQ and AGC observed far from the river bed could be attributed to low nutrient availability for tree uptake at distances far from the river bed since previous studies have reported low nutrient availability far from the river bed compared to close to the river (Azihou et al., 2013; Altuna et al., 2019; Henriksson et al., 2021). Nutrient availability is one of the main factors influencing plant diversity and growth. Soil type and nutrient availability can change depending on the distance from the streambed (Newcomer et al., 2016). This variation in nutrient availability along the distance gradient, caused by changes in water levels, sediment deposition, and nutrient runoff from nearby areas (Munn, 2018), may influence plant growth and diversity in contrasting ways, benefiting the species that are adapted to particular nutrient conditions while being detrimental to non-adapted ones. Apart from nutrient availability, the influence of human activities (e.g., cropping) can also explain the decline in biodiversity, HbQ and AGC with increasing distance from the river course in the riparian corridors. Wasser et al. (2015) found that natural, undeveloped land use types contained taller riparian vegetation and wider corridors than land-use types subject to human disturbances. Similarly, riparian forest ecosystems adjacent to croplands in the southeastern Brazilian Amazon had fewer tree species and a high proportion of opportunistic species than those in large areas of intact primary forest (Maracahipes-Santos et al., 2020). The results show that wider riparian corridors are needed, particularly in agricultural landscapes (Jones et al., 2010), as they are more likely to encompass a wider variety of biotic assemblages to ensure the sustainability of ecosystem functions. Ives et al. (2011) found that width of riparian corridors was the best predictor of plant assemblage composition in northern Sydney, Australia. Wider riparian buffer zones are important to consider in riparian corridor management strategies for better biodiversity conservation.

Furthermore, our results showed that the combined effects of distance from the streambed and conservation status explained more of the variation in AGC and some diversity attributes (SR, FRic, PD and CWMHmax) than conservation status alone which had a negligible effect. This finding suggests that integrative models combining the effects of environmental variables are essential to better predict the relative importance of biodiversity facets and carbon storage in riparian corridors, as proposed by Mensah et al. (2023b) for mixed-species forests.



4.2 Direct and indirect effects of diversity attributes on AGC and HbQ

Overall, our results showed direct effects of SR, mainly on phylogenetic (PD) and functional (FRic) diversity attributes across distance intervals and conservation statuses. Previous studies have also observed a positive correlation between tree SR and FRic under the influence of environmental conditions (Peña-Lara et al., 2022; Suárez-Castro et al., 2022). For instance, Gatica et al. (2020) found a reduction in functional diversity with declining plant SR. Phylogenetic diversity was also correlated with SR between elevation bands and plant communities in China’s Dulong Valley (Li et al., 2015). Galván-Cisneros et al. (2023) also noted a decrease in phylogenetic diversity accompanied by a decrease in SR with increasing altitude. The positive effect of SR on Fric and PD suggests that increasing SR results in a larger pool of co-occurring species with diverse functional traits and distant lineages (Li et al., 2015; Suárez-Castro et al., 2022).

When examining the bivariate relationships, we observed that AGC and HbQ increased significantly with SR considering the pooled dataset. These results are consistent with several previous studies that also showed a positive relationship between SR and AGC in different agroecosystems such as grazing exclosures in Ethiopia (Noulèkoun et al., 2021), in South African mistbelt forest (Mensah et al., 2016), and in West Africa natural forests (Noulèkoun et al., 2024). Similarly, Mensah et al. (2020a) found that plant diversity enhances habitat quality. Terrado et al. (2016) also reported that HbQ is positively correlated with terrestrial vascular plant species richness in the Llobregat river basin in Spain. Our results confirm these general patterns and suggest that improving plant diversity enhances both AGC and habitat quality in riparian corridors. Greater plant species richness offers a greater variety of ecosystem functions resulting from the coexistence of several trophic groups (Mensah et al., 2020a). This positive effect could result from niche complementarity between species (functional diversity) with a greater variety of traits and efficient resource use (Mensah et al., 2016; Gamfeldt and Roger, 2017; Ali, 2019; Magnano et al., 2023) or increased tree density leading to greater productivity (Mensah et al., 2016, 2020a; Noulèkoun et al., 2021). It is also possible that this positive correlation between SR and AGC or HbQ is favored by the disproportionate contribution of highly productive dominant species (functional composition) (Mensah et al., 2016; Gamfeldt and Roger, 2017; Noulèkoun et al., 2021).

However, the SR-AGC and SR-HbQ relationships varied according to the distance gradient and conservation status. The SR-AGC relationship was significantly positive and stronger in plots located at intermediate and distant distances from the stream, supporting our second hypothesis. This result indicates that the bivariate SR-AGC relationship may be mediated by distance from the streambed. Indeed, riparian corridors often show a decreasing gradient in resource availability as one moves away from the stream bed (e.g., water, nutrients), which could limit plant species diversity. In the plots located far from the watercourse, where resources are less abundant, functional complementarity between species may become more important, which could strengthen the SR-AGC relationship, in line with the stress gradient hypothesis (Maestre et al., 2009). Consequently, the more pronounced SR-AGC relationship at intermediate and distant distances from the watercourse suggests that plant species in these areas face more limiting conditions. The non-significant effect of SR on AGC near the streambed may be related to saturation effect if the additional species are redundant (Tilman et al., 1997; Chesson et al., 2001; Noulèkoun et al., 2021). However, it is important to note that the complexity of relationships between biotic variables can vary between ecosystems and regions, and specific studies are needed to confirm these trends in particular contexts. The bivariate SR-AGC relationship was also positive and significant in both protected and unprotected areas, suggesting that conservation status does not influence the SR-AGC relationship in riparian corridors. In contrast, the SR-HbQ relationship was positive and significant only in unprotected areas, indicating the influence of conservation measures on diversity and HbQ in riparian corridors. This finding suggests that conservation actions and policies aimed at increasing species diversity and HbQ in the riparian corridors would have a more significant impact when implemented in unprotected areas.

Contrary to the results from the bivariate relationships, we found non-significant direct effects of SR on AGC and HbQ in the SEMs. This is probably due to the following reasons. The consideration of the mediating factors in the SEM may lower the strength of the association between SR and ecosystem functions. It is also possible that the SEM models need refinement to better capture the relationships among the variables, since the sample size may not have been large enough to capture significant relationships in the SEM. In fact, bivariate relationships might be more sensitive to small sample variations, leading to significant results (Riley et al., 2007). SEM tends to be more powerful with larger sample sizes (Burgess, 2014). Interestingly, our results showed indirect effects of SR on AGC and HbQ only through PD. This confirms the observation that SR often lacks information on the evolutionary history of communities (Safi et al., 2011; Cardoso et al., 2014; Jarzyna and Jetz, 2016). PD was a positive mediator of the effect of SR on AGC at a distance close to the streambed. These results are consistent with those of Le Bagousse-Pinguet et al. (2019) who showed the significant role of PD as a mediator of several ecological functions including carbon storage in arid ecosystems. Prager et al. (2021) examined the relationships between carbon dynamics and multiple dimensions of plant diversity in the Colorado Rockies and found that plant PD was the only diversity component significantly linked to carbon uptake. A recent study in the study area reported a positive relationship between phylogenetic diversity metrics and AGC (Mensah et al., 2024). Cadotte et al. (2008) and Cadotte (2013) showed that within-community PD explained much more variation in plant community carbon storage than other measures of diversity. The mediating role of phylogenetic diversity in the carbon storage function of riparian plant diversity supports the idea that diverse tree assemblages are composed of distantly related species which contribute to ecosystem productivity through niche complementarity (Cadotte et al., 2008; Cadotte, 2013; Prager et al., 2021). Concostrina-Zubiri et al. (2022) also found that increasing PD had a positive effect on biocrust taxonomic diversity along the habitat degradation gradient in the remnants of a Mediterranean shrubland. The indirect effect of SR on HbQ through PD in unprotected areas is likely due to the stronger complementarity effects between phylogenetically distant species in speciose plant communities, which enhances habitat quality. Our results suggest that phylogenetic diversity attributes may be relevant to define management strategies, as greater phylogenetic diversity could improve carbon storage potential and habitat quality in riparian corridors. It is important to note that the relationship between SR and ecosystem functions in riparian corridors may also vary according to other environmental factors, such as soil properties and climatic conditions, which were not considered in this study. Further research is needed to fully understand the mechanisms underlying these relationships and their implications for the management of riparian ecosystem services.

Our findings showed that the functional composition attribute (CWMHmax) was the strongest predictor of both ecosystem functions (HbQ and AGC) in most cases. Our results are consistent with recent studies showing that the dominance of tall stature trees determine carbon stock in Atlantic secondary forests (Rodrigues et al., 2023), along the secondary and old-growth tropical forests of Panama (Wallwork et al., 2022) and in the subtropical forests of Nepal (Kunwar et al., 2023). Similarly, the work of Ouyang et al. (2023) in the subtropical forests of China also showed that CWMHmax was the best predictor of ecosystem multifunctionality, including carbon storage. Mensah et al. (2020a) also found that functional dominance influenced ecosystem multifunctionality, including habitat quality and carbon storage, with stronger effects on individual functions. Our study therefore supports the “mass ratio” hypothesis (Grime, 1998; Garnier et al., 2004), and suggests that the functioning of riparian ecosystems is also determined by the functional traits of the most dominant species. The strong effect of CWMHmax reflects the importance of vertical stratification of riparian ecosystems for the relationship between diversity and ecosystem functions (HbQ, AGC), as suggested by Mensah et al. (2016), to maintain the primary role of corridors as dispersal channels for individuals and genes across the landscape.

It is important to recognize that our study has some limitations. For example, the sampling scheme adopted may not ensure a homogeneous community of species in all plots, particularly in plots close to the streambed. Finally, although this study has addressed an important aspect of the relationship between biodiversity and the functioning riparian corridors, similar studies should be extended to larger spatial scales with consideration of additional environmental variables such as soil and climate to strengthen the current results and contribute to sustainable management strategies for riparian corridors that prioritize ecological connectivity.
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NTI 0.54 0.30 0.30 0.21 0.40 0.32 0.32 0.28 0.39 0.27 0.55 0.33

Bold values indicate Relative Variable Importance (RVI) values of the selected functional metrics for AGC and HbQ prediction. FRic, functional richness; FEve, functional evenness; FDisp, functional dispersion; CW M pyax, community weight mean of maximum height
of species; CWMspa, community weight mean of specific leaf area; CWM yp, community weight mean of wood density; PD, Faith’s phylogenetic diversity index; MPD, mean pairwise phylogenetic distance; NTI, nearest taxon index (NTI); MNTD, mean nearest taxon
distance; ses.MPD, standardized effect sizes of MPD, ses. MNTD, standardized effect sizes of MNTD; PA, protected area; NPA, non-protected area.
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) SE 2 P mR2 (%) = cR? (%)
Ecosystem functions HbQ 14.2 14.2
Intercept 0.516 0.238 2171 0.030
Dist (Far) —1.041 0.316 —3.299 0.001
Dist (Intermediate) —0.615 0.331 —1.857 0.063
CS (PA) —0.098 0.383 —0.256 0.798
Dist (Far):CS (PA) 0.483 0.530 0911 0.362
Dist (Intermediate):CS (PA) 0.365 0.539 0.676 0.499
AGC 14.8 36.14
Intercept 0.588 0.232 2532 0.011
Dist (Far) —1.145 0.277 —4.136 0.000
Dist (Intermediate) —0.693 0.287 —2.415 0.016
CS (PA) —0.530 0.373 —1.419 0.156
Dist (Far):CS (PA) 1.290 0.461 2798 0.005
Dist (Intermediate):CS (PA) 0.724 0.467 1.549 0.121
Taxonomic diversity SR 20.1 70.1
Intercept 1.766 0.165 10.735 0.000
Dist (Far) —0.808 0.164 —4.919 0.000
Dist (Intermediate) —0.128 0.141 —0.908 0.364
CS (PA) —0.032 0.265 —0.119 0.905
Dist (Far):CS (PA) 0.842 0.250 3366 0.001
Dist (Intermediate):CS (PA) 0.263 0.232 1.134 0.257
Functional diversity FRic 5.07 16.46
Intercept 0.303 0.250 1.212 0.225
Dist (Far) —0.478 0.316 —=1.511 0.131
Dist (Intermediate) —0.145 0.330 —0.440 0.660
CS (PA) —0.714 0.402 —1.775 0.076
Dist (Far):CS (PA) 0.784 0.528 1.484 0.138
Dist (Intermediate):CS (PA) 0.664 0.537 1237 0.216
Phylogenetic diversity PD 11.8 552
Intercept 0.295 0.231 1279 0.201
Dist (Far) —0.882 0.236 —3.739 0.000
Dist (Intermediate) —0.112 0.243 —0.462 0.644
CS (PA) —0.282 0.367 —0.769 0.442
Dist (Far):CS (PA) 1.029 0.391 2.634 0.008
Dist (Intermediate):CS (PA) 0.361 0.395 0914 0.361
Functional composition CWMpimax 21.94 22.77
Intercept 0.780 0.226 3.446 0.001
Dist (Far) —0.993 0.299 —3.320 0.001
Dist (Intermediate) —1.354 0.314 —4.314 0.000
CS (PA) —0.414 0.365 —1.133 0.257
Dist (Far):CS (PA) 0.278 0.502 0.554 0.580
Dist (Intermediate):CS (PA) 1.151 0.511 2252 0.024

The baseline distance (close) and conservation status (non-protected area) are represented by the intercept. Significant effects are emboldened. Bold values indicate significant p-values. SE,
standard error; P, probability; FRic, functional richness; CWMpyqx, community weight mean of maximum height of species; SR, species richness; HbQ, habitat quality; PD, Faith’s phylogenetic
diversity index; AGC, aboveground carbon; R2, coefficient of determination; M, marginal; C, conditional; Dist, distance from the streambed; CS, conservation status; PA, protected area.





