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Tree size diversity is the major 
driver of aboveground carbon 
storage in dryland agroforestry 
parklands
Florent Noulèkoun 1, Sylvanus Mensah  2,3, HyungSub Kim 4, Heejae Jo 1,4, 
Gérard N. Gouwakinnou 5, Thierry D. Houéhanou 5, Michael Mensah 6, Jesse Naab 7, 
Yowhan Son 4 & Asia Khamzina 1*

Despite the importance of agroforestry parkland systems for ecosystem and livelihood benefits, 
evidence on determinants of carbon storage in parklands remains scarce. Here, we assessed the 
direct and indirect influence of human management (selective harvesting of trees), abiotic factors 
(climate, topography, and soil) and multiple attributes of species diversity (taxonomic, functional, 
and structural) on aboveground carbon (AGC) stocks in 51 parklands in drylands of Benin. We used 
linear mixed-effects regressions and structural equation modeling to test the relative effects of 
these predictors on AGC stocks. We found that structural diversity (tree size diversity, HDBH) had 
the strongest (effect size β = 0.59, R2 = 54%) relationship with AGC stocks, followed by community-
weighted mean of maximum height (CWMMAXH). Taxonomic diversity had no significant direct 
relationship with AGC stocks but influenced the latter indirectly through its negative effect on 
CWMMAXH, reflecting the impact of species selection by farmers. Elevation and soil total organic 
carbon content positively influenced AGC stocks both directly and indirectly via HDBH. No significant 
association was found between AGC stocks and tree harvesting factor. Our results suggest the mass 
ratio, niche complementarity and environmental favorability as underlying mechanisms of AGC 
storage in the parklands. Our findings also highlight the potential role of human-driven filtering of 
local species pool in regulating the effect of biodiversity on AGC storage in the parklands. We conclude 
that the promotion of AGC stocks in parklands is dependent on protecting tree regeneration in 
addition to enhancing tree size diversity and managing tall-stature trees.

Agroforestry—land-use systems and technologies that integrate trees, crops and/or animals on the same land unit 
in some form of temporal sequence or spatial arrangement—is practiced worldwide for improving environmental 
sustainability of contemporary agriculture and providing multiple ecosystem services including food production, 
biodiversity conservation and carbon sequestration1–4. Because of their potential of sequestering large amounts 
of atmospheric carbon dioxide, agroforestry systems have been recognized among climate change mitigation 
strategies under the Kyoto Protocol since 20072,5. Current estimates of the carbon sequestration potential of 
various agroforestry systems are highly variable, but it could amount up to 2.2. Pg C (1 Pg = 1015 g) over 50 years 
in the combined above- and belowground biomass pools6.

Among various types of agroforestry systems practiced in the tropics, parklands represent scattered mul-
tipurpose trees maintained in cultivated or recently fallowed cropping fields7,8. Agroforestry parklands share 
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ecological characteristics of both forests, and agricultural lands. The practice of parklands involves a strong 
human-driven filtering of species, whereby farmers select, conserve and manage the tree species that provide 
food, fodder, medicine and other non-timber forest products to local communities9–11. Agroforestry parklands 
can also substantially contribute to climate change mitigation owing to their carbon sequestration potential12–14. 
For example, Luedeling and Neufeldt12 reported that if parklands covered their maximum range in the Sahelian 
productive land, the carbon stocks there would reach 1.3 Pg. However, we still lack knowledge of the major driv-
ers of biomass carbon storage in these human-managed systems, as most of the existing evidence in the tropics is 
specific to forests15,16 and agroforestry homegardens17,18. A better understanding of the determinants of carbon 
storage in parklands is crucial to optimize their carbon sequestration and conservation potential, in support of 
nature-based solutions for climate change mitigation.

Biotic, abiotic, and human disturbance factors reportedly determined carbon stocks in forests. Regarding 
the biotic factors, multiple attributes of biodiversity including taxonomic, functional (diversity and identity) 
and structural ones can directly and indirectly influence aboveground carbon (AGC) stocks (Fig. 1) under 
the assumptions of the niche complementarity and mass ratio hypotheses15,16,19–22. The niche complementarity 
hypothesis predicts that high functional trait-related niche differentiation or facilitation would enhance eco-
system functioning (e.g., AGC storage) in diverse tree communities due to a more efficient use of resources by 
co-occurring species23,24. The mass ratio hypothesis posits that the functional traits of dominant species would 
drive AGC stocks within a community25. Accordingly, empirical evidence shows that higher taxonomic diversity 
(e.g., species richness) can directly increase forest AGC stocks through niche complementarity26,27. Similarly, a 
higher functional diversity can promote AGC storage due to complementarity between co-occurring species28–30. 
Alongside the effects of taxonomic and functional diversity, the dominance of functionally important species 
(i.e., functional identity) can increase AGC stocks due to their disproportionally high contribution to ecosys-
tem functioning28,31,32. Finally, structural diversity, defined as the diversity and inequality of tree size in a plant 
community33,34, can have direct and positive effects on AGC, since high structural diversity enhances resource 
use efficiency15,35,36. In addition to the direct effects, taxonomic diversity can have indirect effects on AGC stocks 
through the other diversity attributes (Fig. 1). For instance, species richness can indirectly increase AGC storage 
via structural diversity because increasing species richness could lead to a better occupation of available spatial 
niches by co-occurring species, thereby optimizing the utilization of space and resources15,19,36.

Climate and soil conditions (e.g., water and nutrient availability) can also influence AGC storage both directly 
and indirectly via biotic factors by stimulating processes like competition and facilitation15,19,37 (Fig. 1). We 
expect that higher water availability and soil fertility would increase AGC storage under the assumption that 
higher resource availability promotes faster plant growth and greater tree species, functional and structural 
diversity27,38–40. In addition, topography can influence plant growth through its impact on local climate and soil 
conditions, thereby regulating AGC stocks41–43. For instance, elevation and slope strongly control local-scale 
soil chemistry, hydrology, and microclimate, thereby constraining the conditions within which trees grow and 
shaping the composition and structure of tree communities42. Finally, human disturbance such as excessive log-
ging, resulting in forest degradation and fragmentation, can alter stand structures, species demography and the 
functional composition of tree assemblages, reducing the forest AGC storage16,44,45.

In Sub-Saharan agroforestry parklands, farmer management alter the composition (e.g., diversity) and struc-
ture (e.g., density) of the woody species communities through silviculture (e.g., tree pruning and thinning), tree 

Figure 1.   Conceptual model, displaying the hypothesized causal relationships between human management 
(tree harvesting), abiotic (climate, topography, and soil physical and chemical) and biotic (taxonomic, 
functional, and structural diversity) factors and aboveground carbon (AGC) stocks. Based on the existing 
ecological theories and demonstrated relationships between human management, environment, tree community 
properties and aboveground biomass (AGB) or AGC for forests, we assumed that (i) tree wood harvesting would 
have a negative effect on soil nutrients, species diversity attributes and AGC stocks, (ii) abiotic conditions that 
are favorable for tree growth would promote species diversity attributes and AGC stocks, (iii) species diversity 
attributes positively influence AGC stocks and (iv) taxonomic diversity would enhance functional and structural 
diversity.
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planting, as well as assisted regeneration, and fire protection of trees. While the assisted regeneration and tree 
planting increase the storage of biomass carbon, the harvest of woody biomass through pruning and thinning 
(thereafter referred to as tree harvesting) can reduce AGC stock, especially when performed at high intensity7,46. 
Besides, parkland management practices targeting the tree component, crop fertilization and livestock grazing 
can influence soil physical and chemical properties through nutrient addition or otherwise nutrient mining and 
soil compaction.

In this study, we examined the relative importance of human management (i.e., tree harvesting), abiotic 
(i.e., climate, topography, and soil) and biotic (i.e., diversity attributes of woody species) factors for AGC stor-
age in agroforestry parklands in the drylands of northern and upper-central Benin (Fig. 2 and Fig. S1). The 
study area encompasses semi-arid and dry sub-humid regions, where parklands are particularly prominent8. 
We employed linear mixed-effects models and structural equation modeling (SEM), as a powerful integrative 
framework47 to address three main questions (Fig. 1):

1.	 What are the direct effects of the multiple drivers of AGC stocks and what is their relative importance? 
Given that parklands reportedly had lower woody species diversity than the adjacent natural forests10,48, 
we hypothesized that the diversity attributes of woody species have positive and stronger effects than the 
other drivers because any additional species will substantially contribute to AGC storage due to low species 
redundancy27.

2.	 What are the indirect effects of abiotic factors on AGC stocks, as mediated by the diversity attributes of woody 
species? We hypothesized that increasing resource availability increases AGC stocks through its positive 
effect on the diversity attributes of woody species.

3.	 What are the effects of human management on AGC stocks, as mediated by both the abiotic factors and 
diversity attributes of woody species? We hypothesized that the harvest of woody biomass decreases soil 
nutrient content, diversity attributes of woody species, and AGC stocks.

Materials and methods
Study area and layout of sampling plots
We used data from 51 circular plots of 0.1 ha49, delineated in the Sudanian and Sudano-Guinean zones of Benin 
(Fig. 2). The study area belongs to the Sudano-Sahelian zone, which supports a wide spectrum of abiotic and 
biotic heterogeneity and human impact histories50,51. The inventory plots were systematically installed on four 
concentric circles of 5, 10, 15 and 20 km of radius in the north–south and west–east directions, following the 

Figure 2.   Map of the study area showing the distribution of sampling plots across the Sudanian and Sudano-
Guinean climatic zones of Benin. Additional information on the layout of the sampling points is provided in Fig. 
S2. The map was elaborated by the authors in 2023.
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land degradation surveillance framework49. Each set of four concentric circles was located within a grid of 50 
km × 50 km; the grids were distributed across the study area (Fig. S2). The vegetation in the study area is domi-
nated by dry and gallery forests, tree and shrub savannas and agroforestry parklands52. In this study, only the 
parklands plots are reported (Fig. S1). These plots spread over four municipalities (i.e., Atacora, Borgou, Alibori 
and Donga) of the country and span across the semi-arid and dry sub-humid climate zones, with an aridity index 
value between 0.4 and 0.6 (Table S1; Fig. 2). The mean annual temperature (MAT) ranged from 26.3 to 28.6 °C 
and the mean annual precipitation (MAP) from 917 to 1127 mm. The elevation ranged from 146 to 483 m a.s.l. 
(Table S1). The soil types included tropical ferruginous and hydromorphic soils53.

Plot inventory data
Field inventories took place between 2019 and 2021. Within each sampling plot, all live individual trees, and 
shrubs with a diameter at breast height (1.3 m height—DBH, cm) ≥ 5 cm were identified to the species level, 
counted, and measured for their DBH, height (m) and crown diameter (m). Heavily pollarded live trees were 
excluded from these measurements. For the trees bifurcating below 1.30 m, the DBH of all ramifications was 
measured and the quadratic mean diameter was calculated as the square root of the sum of squares of DBH of 
individual stems54. The crown diameter was the average of the distance of two vertical north–south (d1, m) and 
east–west (d2, m) projections of the crown on the ground surface55. Latin names of the enumerated tree species 
were identified following the flora of Benin56. Nine to 15 leaves were collected from two to three trees of the 
dominant species (representing > 75% of the total basal area at plot-level) per plot. The leaves were sampled from 
the upper, middle, and lower parts of the tree canopy to account for heterogeneity in light capture and bulked 
per tree. The fresh and dry weights of three to five selected leaves per tree were measured and used to determine 
the leaf dry matter content (LDMC, mg g−1)57. The remaining leaves were bulked, milled, and analyzed for the 
leaf total carbon (LC%) and nitrogen (LN%) content.

Soil samples were collected from the center of four subplots of 0.01 ha installed within the main plot49 at 
three depths: 0–20 cm, 20–40 cm and 40–60 cm. These samples were mixed according to the sampling depth 
to form composite samples, which were analyzed for their total carbon (C%) and nitrogen content (N%). The 
soil C% ranged from 0.22 to 2.01% and the soil N% ranged from 0.03 to 0.50% (Table S1). The C% and N% 
of the leaf and soil samples were analyzed with a vario MACRO cube CHNOS elemental analyzer (Elementar 
Analysensysteme GmbH, Germany).

Vegetation characteristics and management of parklands
We identified 52 woody species, belonging to 38 genera and 19 families across the 51 plots in the parklands 
(Tables 1 and Table S2). The woody species included trees, shrubs, and palm species (thereafter referred to as 
trees), which were either deciduous, semi-deciduous or evergreen. The dominant species, judged by their impor-
tance value index (IVI) ranging 24–62, included Vitellaria paradoxa C.F.Gaertn., followed by Parkia biglobosa 
(Jacq.) R.Br. ex G.Don and Adansonia digitata L. (Tables 1 and Table S2). The average density of woody species 
in the parklands was 73 trees ha−1 (Table S1). Maize (Zea mays L.), cotton (Gossypium hirsutum L.), sorghum 
(Sorghum bicolor L. Moench) and yam (Dioscorea spp L.) were the common annual crops grown in the park-
lands. Pruning and thinning (thereafter harvesting) of the woody species were the major management practices 
applied to trees and shrubs in the parklands. Pruning was typically performed on young trees by removing the 
lower scaffold branches and twigs. The main purposes of tree harvesting included firewood provision, charcoal 
production, and shade reduction for the associated crops. Farmers applied organic and mineral fertilizers to the 
annual crops, which might indirectly benefit the woody species. To protect the woody species in the parklands 
against fires, farmers practice controlled burning at the start of the dry season7. Small ruminants and cattle are 
often allowed to graze in the parklands for a limited time during the dry season10.

Table 1.   Characteristics of the ten most important woody species in the parklands, as judged by their 
Importance Value Index (IVI). A full list of all the 52 species is presented in Table S2. SD standard deviation. 
a The life form and leaf habit of the species were extracted from the “Useful Tropical Plants” database71. b The 
IVI was computed as the sum of the relative frequency, relative density and relative dominance (Supplementary 
Information, Methods) following Kifle et al.103. c Density represents the total number of individuals of a species 
across the 51 sampling plots.

Species name Life forma Leaf habita IVIb Densityc DBH (mean ± SD) Height (mean ± SD)

Vitellaria paradoxa C.F.Gaertn Tree Deciduous 61.69 90 62.97 ± 44.32 8.77 ± 2.74

Parkia biglobosa (Jacq.) R.Br. ex G.Don Tree Deciduous 43.24 42 78.20 ± 70.13 11.11 ± 4.93

Adansonia digitata L Tree Deciduous 23.96 21 110.95 ± 61.55 13.36 ± 4.79

Azadirachta indica A. Juss Tree Evergreen 12.74 26 18.93 ± 12.93 7.39 ± 2.44

Lannea microcarpa Engl. & K. Krause Tree Deciduous 11.96 17 43.49 ± 20.38 7.68 ± 2.01

Daniella oliveri (Rolfe) Hutch. & Dalziel Tree Deciduous 11.56 5 199.80 ± 65.28 16.84 ± 1.76

Borassus aethiopum Mart Palm Evergreen 10.56 17 56.61 ± 29.16 10.41 ± 3.27

Bombax costatum Pellegr. & Vuillet Tree Deciduous 7.98 9 64.44 ± 63.45 8.77 ± 5.82

Terminalia microcarpa Decne Tree Semi-deciduous 7.91 9 84.65 ± 44.64 10.63 ± 5.26
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Aboveground carbon stocks
We used the pan-tropical allometric equation developed by Chave et al.58 for the world’s tropical forests (Eq. 1) 
to estimate the aboveground biomass (AGB, kg) of individual trees:

where ρ is the species wood density in g∙cm−3, DBH is the diameter at breast height and height is the total tree 
height. The generic Chave et al.58 equation has been widely applied to estimate the AGB of individual trees across 
vegetation types in the tropics40,42,59,60, including natural and managed vegetation types in West Africa40,60,61. It 
has been suggested that AGB quantification following Chave et al.58 produced acceptable estimates of stand-level 
biomass-related aspects40,60, thereby confirming the utility and suitability of this equation for our quantification of 
plot-level AGB40,60 in absence of allometric equations specific to the study region or woody species encountered. 
The ρ value for each tree species was retrieved from local studies in West Africa62,63 and the Global Wood Density 
Database64. We then calculated the AGC stock of individual trees by multiplying the AGB by the conversion 
factor of 0.45665. The plot-level AGC stock was calculated by summing the AGC stock of all individual trees 
within a plot and estimated in Mg ha−1.

Predictor variables
We used 32 potential variables that described abiotic, biotic, and human management factors to characterize each 
sampling plot (Table S3). The biotic variables included metrics of taxonomic, functional, and structural diver-
sity. We quantified the taxonomic diversity using the Shannon species diversity (HSR; Supplementary Methods) 
because it accounts for species richness and evenness and is considered to be an appropriate measure of species 
diversity in species-poor ecosystems36 such as the parklands in our study area (80% of the 51 plots consisted of 
less than 5 tree species). The functional diversity was quantified based on four widely-used metrics: functional 
richness (Frich), functional evenness (Feve), functional divergence (Fdiv) and functional dispersion (Fdis)66,67. The 
community-weighted mean (CWM) of functional traits was used as a measure of functional identity (Supple-
mentary Methods). The HSR was estimated for each plot using the “ChaoShannon” from the R package “iNEXT” 
to account for rarefied species and variation in sampling effort among plots68. The function returns the estimated 
asymptote for HSR based on rarefaction and extrapolation curves68,69.

The functional diversity and identity metrics were computed at the plot level based on the relative basal area 
of the species and 10 functional traits: ρ, maximum tree height (MAXH, m), specific leaf area (SLA, mm2 mg−1), 
leaf area (LA, cm2), LC%, LN%, LDMC, leaf habit (LH; deciduous or evergreen), nitrogen fixation (NF; nitrogen 
fixer or non-fixer) and maximum crown area (MAXCA, m2; Supplementary Methods). Apart from the values 
of SLA and LA obtained for each species from the TRY database70, the values of MAXH, LC%, LN%, LDMC 
and MAXCA were obtained from field measurements. The data on the LH and NF (Table S2) were retrieved 
from the Useful Tropical Plants Database71. The selected traits are related to leaf economics and tree size, which 
underpin plant life-history strategies72,73. We used genera or family values for the species with no available trait 
data. When the genera or family value was unavailable for a species, we used the imputation method suggested by 
Josse and Husson74 to fill the missing data75. In the end, 100% of the species had values of ρ, MAXH, LH, NF and 
MAXCA, while values of SLA, LA, LC%, LN% and LDMC were imputed for 25%, 23%, 17%, 6% and 17% of the 
species, respectively. The functional diversity and identity attributes were computed using the R package “FD”76.

The Shannon structural diversity index for DBH (HDBH) and height (Hheight) and the coefficient of variation of 
DBH (CVDBH), height (CVheight) and CA (CVCA) were used to characterize the structural diversity (Supplementary 
Methods)33,34. These metrics are related to the vertical and horizontal architectural structure of trees within a 
stand. The HDBH and Hheight measure the richness (number of classes) and evenness of stand structural diversity 
by giving equal weight to horizontal and vertical diversity34 (see the formulas in Supplementary Methods). The 
computation of HDBH and Hheight requires the grouping of the data into arbitrary DBH and height classes to cal-
culate proportions. Both indices are insensitive to tree size, as they are weighted by the proportion of basal area34. 
Here, we calculated the HDBH and Hheight for three discrete DBH (5, 10 and 15 cm) and height (4, 8 and 12 m) 
classes and selected the most representative class for further analyses (see the following section for the variable 
selection procedure). Further information on the computation of the species diversity attributes is provided in 
the Supplementary Information, Methods.

Potential abiotic factors were collated for each plot based on the geographic coordinates of the plot center. 
The abiotic factors included climate, topography, and soil physical and chemical properties. We used climatic 
moisture index (CMI) to represent climate-related water availability following previous studies77–79. The CMI 
was computed as the difference between the MAP and mean annual potential evapotranspiration (PET) and 
thus indicates potential aridity level. Data on MAP and PET were extracted from the WorldClim2 database at 
a resolution of 30 arcseconds (~ 1 km) for the period 1971–200080. We multiplied the CMI values by –1 since 
CMI is negative by definition16. Thus, sites with higher CMI values are seasonally drier. We used the eleva-
tion data recorded in the field to characterize topography. In addition to the soil C% and N% measured in the 
field-collected samples, we downloaded data on clay content (%), silt content (%), sand content (%) and cation 
exchange capacity (CEC, cmol kg−1) for four standard soil depth intervals: 0‒5, 5‒15, 15‒30, and 30‒60 cm. 
The soil data were obtained from the Africa Soil Profiles Database at a resolution of 1 km81. The weighted mean 
values of the soil variables for a soil depth of 60 cm were used for the analyses.

We used the number of harvested trees and shrubs (NHT) per plot as an indicator of human management of 
woody biomass and hence AGC stock because of the local farmers’ practice to harvest tree and shrub biomass 
as firewood, to produce charcoal and increase space for adjacent crops. We consider a tree or shrub as “har-
vested’ when it was felled or pruned. Here we consider the NHT as a proxy for assessing the impact of human 

(1)AGB = 0.0673×
(

ρ× DBH2
× height

)0.0976
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management on the parkland woody species in the absence of experimentally collected data on harvest intensity 
(e.g., proportion of crown or biomass harvested). The average NHT was 13 trees per plot (Table S1).

Statistical analysis
Prior to the analyses, we used the Shapiro–Wilk test to assess the normality of all potential variables and log- or 
square root-transformed those variables which did not meet the normality assumption. Then, we standardized 
all variables using the “scale” function in R to allow for reasonable coefficient comparisons. Given that the soil 
properties, functional diversity, functional identity, and structural diversity were represented by several vari-
ables, we performed multimodel inferences and model selection to choose the most important variables for each 
of these groups. This was done to minimize complexity and avoid multicollinearity and model overfitting in 
the subsequent analyses. We constructed candidate linear mixed-effects models (LMMs) based on all possible 
combinations of co-variables and averaged them to obtain the most parsimonious model using the “dredge” 
and “model.avg” functions of the R package “MuMIn”82, respectively. The LMMs included AGC stock as the 
dependent variable. We used region identity as a random factor in the LMMs to account for unknown regional 
differences. Only the variables with low variance inflation values (VIF < 5) were included in the LMMs (Table S3). 
Subsequently, we calculated the relative variable importance based on the averaged model and chose the variable 
with the highest importance value as the most representative variable. As a result, the C%, community-weighted 
mean of MAXH (CWMMAXH) and HDBH for the 15 cm DBH class (thereafter referred to as HDBH) were chosen 
as the most representative predictors of soil properties, functional identity, and structural diversity, respectively 
(Table S3).

We modelled the direct effect of the selected human management, abiotic and biotic variables on AGC stocks 
and their relative importance using multiple LMMs, with region identity included as a random factor. Before 
running the regression analyses, we checked whether the selected predictor variables were highly correlated (i.e., 
r >|0.7|) by calculating the correlation matrix between them (Fig. S3). As a result, we found that the variables 
were not highly correlated (Fig. S3). The relative importance of each covariable was quantified by its relative 
contribution to the explained variance, expressed as the partial pseudo coefficient of determination (R2). The 
partial pseudo-R2 represents the variance explained by each covariate while accounting for the effects of other 
covariate present in the model. We used the “r2glmm” R package83. The relative contribution of the variables was 
further grouped according to the three main categories of predictors (Table S4). We used the Shapiro–Wilk test 
to assess the normality of the model’s residuals. The VIF values of the selected variables were also examined. We 
used the Moran’s I test to examine the effect of spatial autocorrelation in the residuals of the LMM. The Moran’s 
I test, conducted using the R package “spdep”84,85, showed that there was no strong influence of spatial autocor-
relation on the coefficient estimates (Table S4). We graphically presented the standardized coefficients or effect 
size (β) from the multiple LMMs along with the relative variable contribution (Fig. 3).

Figure 3.   Effect size and relative contribution of human management (NHT), abiotic (CMI, Elevation and C%) 
and biotic (HSR, Fdiv, CWMMAXH and HDBH) factors on aboveground carbon (AGC) stocks. The effect size (i.e., 
dots) represents the standardized coefficients from the multiple linear mixed-effects models (LMMs), which are 
shown along with their 95% credible intervals (horizontal lines). The 95% credible interval that does not cross 
the vertical zero line indicates a significant effect. The standardized effect sizes are ordered from the highest 
positive effect to the lowest negative effect. The pseudo R2, representing the proportion of variance explained 
by both fixed and random effects, was 78%. The relative contribution represents the contribution of a variable 
to the explained variance, which was quantified by the partial pseudo-R2. A summary of the LMM output is 
provided in Table S4. NHT number of harvested trees, CMI climatic moisture index (multiplied by – 1), C% soil 
total organic carbon content, HSR Shannon species diversity, Fdiv functional divergence, CWMMAXH community-
weighted mean of maximum height, HDBH Shannon structural diversity index for 15 cm DBH class.
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To explicitly evaluate how pathways between multiple predictors regulate AGC stocks, we used piecewise 
SEM (pSEM). We constructed the conceptual pSEM based on demonstrated multivariate interrelationships 
between environmental conditions, species diversity and AGC stocks in tropical forests15,60,77,79, with the addi-
tion of potential effect of human management (Fig. 1). A key consideration in our decision to use pSEM is that 
it expands on the traditional SEM and enables the inclusion of both simple linear and mixed-effects regressions 
in the modeling framework, which is challenging in the traditional SEM86. The component regression models 
can be evaluated separately and then combined later to generate inferences about the whole SEM. We fitted the 
component models of the pSEM as LMMs, with region identity included as a random variable. Only the selected 
human management, abiotic, and biotic variables were included in the pSEM. We evaluated the model fit based 
on the Fisher’s C statistic. The pSEM was considered to have an adequate fit to the data when the model had a 
Fisher’s C statistic with p > 0.0587. We performed a confirmatory path analysis based on the directional separa-
tion test in pSEMs87 to evaluate whether missing significant paths between variables should be added to the 
model either as direct paths or correlated errors. We calculated the conditional R2 (R2

c) and marginal R2 (R2
m) 

for each of the dependent variables. The R2
c reflects the variance explained by both fixed and random variables, 

whereas the marginal R2
m reflects the variance explained by fixed factors only88. As pSEM does not compute 

indirect effects, we manually calculated them for each response variable by multiplying the values of all direct 
paths (i.e., direct effects) linking two variables through a mediator variable. The pSEM was fitted using the R 
package “piecewiseSEM”86. We complemented the results of the SEM by running additional LMMs assessing the 
influence of human management and abiotic variables on each biotic variable. Finally, we assessed the bivariate 
relationships of the causal pathways hypothesized in the SEMs using simple linear regression analysis (Figs. S4, 
S5). All statistical analyses were conducted in R version 4.0.289.

Results
Direct effects of multiple predictors on AGC stock
The fixed factors of the multiple LMM including human management, abiotic and biotic factors explained 61% 
of the total variance in AGC stock (Fig. 3). The biotic factors contributed the most to the explained variance 
in AGC stock, with a relative contribution of 81% (Table S4). Subsequently, the HDBH was the most important 
driver of AGC stock, with the largest effect size (β = 0.59) and relative contribution (54%) to the overall explained 
variance (Fig. 3). This was followed by the CWMMAXH, which had the second largest effect size (β = 0.32) and 
relative contribution (24%). AGC stock increased with increasing HDBH and CWMMAXH. The HSR and Fdiv did 
not have significant effects on AGC stocks. Among the abiotic factors, C% was the only significant driver and 
had a positive effect (β = 0.21) on AGC stocks. The CMI, elevation and NHT did not have any substantial effects 
on AGC stocks (Fig. 3, Table S4).

Interacting effects of multiple predictors on AGC stocks
The outputs of the pSEM revealed the indirect effects of abiotic and biotic factors on AGC stocks, which were 
mediated by HDBH, CWMMAXH and HSR (Fig. 4; Table S5). Although elevation, CMI and HSR had no significant 
direct effects on AGC stocks (Fig. 3), they indirectly affected AGC stocks. Elevation had a positive indirect effect 
via HDBH (β = 0.26). HSR indirectly decreased AGC stocks through its negative effect on CWMMAXH (β = −0.11; 
Fig. 4). CMI was marginally and positively linked to AGC stocks (β = 0.04), as it negatively influenced HSR, which 
in turn, had a negative indirect effect on AGC stocks. In addition to its positive direct effect on AGC stock, C% 
had an indirect positive effect via HDBH (β = 0.18). The AGC stocks were not indirectly affected by NHT (Fig. 4; 
Table S5). The results of the additional multiple LMMs testing the effects of the abiotic factors on the biotic fac-
tors and that of the bivariate analysis supported the causal relationships observed in the pSEM (Fig. 5, S4). Most 
notably, HDBH strongly increased with increasing elevation, whereas HSR decreased with increasing CMI (Fig. 5).

Discussion
Given that the tropical forest cover continues to decline90 while tree cover on agricultural land has increased4,91 
offering key nature-based solutions for climate change mitigation and adaptation, understanding the drivers of 
carbon storage in agroforestry parklands is increasingly needed. To the best of our knowledge, this study is one 
of the few that explored the multivariate relationships between AGC stocks and several drivers including human 
management, environmental conditions, and diversity attributes in agroforestry parklands. It should be noted 
that although our study establishes empirical trends, our results are largely based on correlative trends derived 
from the observational data. Our estimate of AGB presents some limitations in that we could not particularize 
the effect of pruning due to the lack of species-specific allometric equations for trees which undergo partial 
biomass removals.

We expected a stronger relationship of the diversity attributes with AGC stocks in the parklands given the low 
species richness (range 2 to 9), since the largest changes in carbon storage may occur at low levels of taxonomic, 
functional and structural diversity where low species redundancy favors the substantial contribution of each 
additional species (including its functional traits) to ecosystem functions27,92. Accordingly, we found support 
for the first hypothesis in that diversity metrics (HDBH and CWMMAXH) were more strongly related to AGC stock 
estimates than human management (i.e., tree pruning and harvesting) and abiotic factors.

In particular, the major predictor of the variation in AGC stocks in the parklands was the tree diameter 
diversity, as evidenced by its strongest individual relationship with AGC stock and its weak correlation with HSR 
and CWMMAXH (Fig. S3). Our result is in line with findings of previous studies across forests and agroforestry 
systems in tropical and temperate areas, where HDBH or DBH variation was the strongest driver of AGB and 
AGC as compared to diversity in species and functional traits15,18,19,93,94. The strong role of HDBH in shaping AGC 
stocks extends the biological importance of structural diversity as a major driver of carbon storage to dryland 
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agroforestry parklands. This finding suggests that the parkland plots that are more structurally complex favored 
a greater spatial niche differentiation between co-occurring woody species of diverse DBH sizes, which opti-
mizes resource use efficiency, thereby increasing AGC stocks in these plots, in line with the predictions of niche 
complementarity24. In forests, greater HDBH implies a complex horizontal structure which enhances canopy 
packing and aboveground light capture within a stand19,95. However, the studied parklands were characterized 
by an open canopy (Fig. S1) and a tree density (average of 73 trees ha−1; Table S1) lower than that of the forests 
(average of 434 tree ha-1, Noulèkoun et al. unpublished) in the same study area, suggesting that the growth-
related impact of light availability may be more pronounced in plots with higher tree density. In this line, our 
results showed that HDBH increased with increasing tree density, indicating that structurally more diverse stands 
contained a higher number of trees, which increased the AGC (Fig. S5). The positive effect of HDBH on AGC 
stocks could also be that stands with higher HDBH contained more of large trees, which stored more AGC​36,60. 
Moreover, unlike studies showing that structural diversity mediates the effect of taxonomic diversity on biomass 
or carbon stocks in forests since higher number of species may result in greater diversity of tree morphologies15,36, 
this study demonstrated that HSR does not influence HDBH in the parklands. This finding corroborates the idea 
that species-poor stands can also be structurally diverse through horizontal differentiation of a small number 
of species33. Overall, in the parklands, structural diversity is more likely driven by tree density rather than by 
species diversity. This is evidenced both by the strong and positive association between HDBH and tree density 
and by lack of significant effect of HSR on HDBH (Figs. S4 and S5).

In contrast to the previous findings reporting a positive direct effect of taxonomic diversity on biomass and 
carbon storage in tropical forests15,27,60 and agroforestry systems17,18, we found that HSR did not directly influence 
AGC stocks in the parklands. A previous study that used HSR to quantify species diversity in homegardens in the 
dry zone of Sri Lanka also reported a neutral direct effect of HSR on AGB96. Instead, HSR was negatively related to 
CWMMAXH, which in turn, had a positive effect on AGC stocks. In the drylands of West Africa, selective removal 
of seedlings and saplings in favor of crop cultivation on same land has halted natural regeneration of trees with 
a subsequent decline of species pool and ageing of the parkland trees, prompting a higher prevalence of older, 
larger-diameter and taller trees7,10,48,48,97. The latter phenomenon was also evidenced in our study (Table 1 and 
Table S2). Therefore, on the one hand, the lack of significant direct effect of HSR on AGC stocks and its negative 
relationship with CWMMAXH may thus be attributed to the effect of human-driven filtering of parkland species, 
resulting from the exclusion of regenerating woody species and logging preference for woody species of low 
socio-economic value to the farmers10. On the other hand, the positive effect of CWMMAXH on AGC stock reflects 
a dominance effect and indicates that carbon storage in the parklands is also shaped by the high contribution of 
the tall-stature species, in support to the mass-ratio hypothesis. Therefore, our results suggest that the effect of 

Figure 4.   Output of the piecewise structural equation model (pSEM) linking human management (NHT), 
abiotic (CMI, Elevation and C%) and biotic (HSR, Fdiv, CWMMAXH and HDBH) factors to aboveground carbon 
(AGC) stocks. The values without brackets on the graphs are the standardized regression coefficients and their 
significance is shown in Table S5. The values within brackets are the conditional coefficients of determination 
(R2

c), shown for the dependent variables. Single-headed arrows indicate the causal paths. Solid arrows represent 
significant paths (α < 0.05). Dashed arrows represent non-significant paths (α > 0.05). AIC is the Akaike 
information criterion. Other acronyms are described in Fig. 3.
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HSR on AGC stocks is also likely driven by the presence of highly productive species that dominate ecological 
processes by extirpating non-productive or weak species from assemblages through interspecific interactions, 
such as competition96,98. The findings further highlight the potential role of human-driven filtering of species in 
regulating the effect of biodiversity on carbon storage in human-modified landscapes.

We expected that abiotic factors and human management would modulate the relationships between biotic 
factors and AGC stock (H2 and H3). In line with this, we found substantial direct and indirect (via HDBH) 
effects of C% and elevation on AGC stocks, whereas CMI indirectly increased AGC stocks through its effects on 
species diversity (Fig. 4). We also found that higher elevations were associated with a higher water availability, 
and a higher tree density (Figs. S3–S5). Thus, the increase in HDBH with increasing elevation suggests that the 
high-water availability at higher elevations promoted a greater stem density which increased the likelihood of 
co-occurrence of woody species having a variety of size through niche complementary, while simultaneously 
providing favorable environmental conditions for tree growth. These favorable species-environment interac-
tions resulted in the storage of larger amount of AGC stocks at high elevations. Our results are reminiscent of 
the findings of Wen et al.93 and Chun et al.41 demonstrating the beneficial role of high resource availability at 
high elevations on species diversity and biomass carbon in forests. The positive direct and indirect effects of C% 
on AGC stocks also indicate the importance of nutrient availability in modulating not only AGC storage, but 
also the diversity and adaptation of species with different diameter size to local soil conditions in the parklands, 
as previously reported77,93. The occurrence of high species diversity in more moist sites further supports the 
role of environmental favorability in promoting species diversity39 and AGC, even though the effect of species 
diversity did not directly translate to a greater carbon storage, but rather indirectly through the dominance of 
tall-stature trees. Collectively, our findings revealed that abiotic drivers influenced AGC storage through both 

Figure 5.   Effect size and relative contribution of human management (NHT) and abiotic (CMI, Elevation 
and C%) on HSR ((a); pseudo R2 = 16%), Fdiv ((b); pseudo R2 = 8%), CWMMAXH ((c); pseudo R2 = 6%) and HDBH 
((d); pseudo R2 = 31%). The effect size (i.e., the dots) represents the standardized coefficients from the multiple 
linear mixed-effects models (LMMs), which are shown along with their 95% credible intervals (horizontal 
lines). The 95% credible interval that does not cross the vertical zero line indicates a significant effect. The 
relative contribution represents the contribution to the explained variance, which was quantified by the partial 
pseudo-R2. Acronyms are described in Fig. 3.
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biotic mechanisms and water and carbon availability in the agroforestry parklands, supporting our second 
hypothesis (H2).

We found neither direct nor indirect significant associations between human management (here tree har-
vest expressed as the NHT) and soil C%, species diversity attributes, and AGC stocks in the parklands. This 
observation is consistent with the findings of previous studies where biomass removal for subsistence use (e.g., 
gathering fuelwood and cutting small poles) had no noticeable effect on biomass and carbon stocks in tropical 
forests45,99. Four possible reasons could explain the lack of significant effects of NHT on AGC stocks. First, the 
current selective maintenance and tree harvest practices did not significantly affect vegetation characteristics and 
decrease AGB at the plot level45. Second, the expected negative effect of tree harvesting on C% might have been 
counterbalanced by the supply of mineral and organic fertilization of crops in the parklands. Third, other man-
agement factors, such as controlled fires (by burning of crop residues) and livestock grazing, reported to impede 
tree regeneration100,101, could have overlaid the NHT influence on species diversity and AGC stocks. However, 
such effects were not evaluated in this study because of the insufficient fire occurrence data (only 11% of the 
plots had fire frequency records according to MODIS Burned Area Product-MCD64A1102) and because grazing 
occurs for a limited time and in few (< 30% of the sampling plots) parklands, as also observed by N’Woueni and 
Gaoue (2021) in agroforestry systems in north-western Benin. Lastly, other indicators of human management 
such as those that quantify the amount of biomass loss due to tree harvesting may have had a stronger effect on 
AGC than the NHT. However, the NHT was preferred in this study because it allowed to account for tree pruning 
practice in the parklands. The use of an indicator of human management based on the biomass or basal area of 
stumps was however challenged by the difficulty of quantifying the proportion of biomass removed.

In this study, we provided a multivariate assessment of the major drivers of AGC stocks in agroforestry 
parklands in the dryland West Africa with implications for carbon storage and biodiversity conservation in 
parklands, which mostly harbored native species. First, the positive effects of HDBH and CWMMAXH on AGC stocks 
suggests that initiatives aimed at mitigating climate change through the promotion of agroforestry parklands 
would strongly benefit from maintaining high levels of structural diversity and functionally dominant species 
with acquisitive resource-use strategies18,73,96. However, dominance of large trees may lead to shading, thereby 
decreasing the yield of understory crops. Therefore, future investigations may determine the optimum levels of 
structural diversity and functionally dominant species to maintain shading level acceptable for the productivity 
of understory crops in the parklands. Second, the negligible influence of HSR on AGC stocks reveals that con-
servation strategies favoring carbon sequestration may fail to simultaneously conserve biodiversity. Therefore, 
add-on strategies such as species enrichment planting and retention of juvenile trees would be needed to promote 
and protect biodiversity in the parklands. Last, the storage of AGC was strongly dependent on soil nutrient and 
water availability, suggesting that adequate management practices of neighboring crops from which parkland 
trees also benefit would be crucial in sustaining the AGC storage in the agroforestry parklands.

Conclusions
The main findings of this study suggests three mechanistic underpinnings of AGC storage in agroforestry park-
lands, which support previous theoretical predictions: (1) tree size diversity (representing complementarity effect) 
and dominance of tall trees (representing mass ratio effect) determined high AGC stocks with a greater effect of 
the former; (2) species taxonomic diversity did not influence AGC stocks directly, but rather indirectly via the 
dominant species maintained by farmers; (3) high moisture and soil carbon availability and higher elevations 
promoted AGC stocks. We argue that the abiotic and biotic factors are important determinants of AGC stocks in 
the parklands. We expect that our findings advance the existing knowledge base on biodiversity-ecosystem func-
tioning relationships by adding new insights on the complex interactions between human management, abiotic 
environment, biodiversity, and carbon storage in agroforestry parklands. Pending on availability of quantitative 
data on management practices in parklands, our methodology might be employed to test the effects of a broader 
set of human management drivers on AGC storage. Future experimental studies will also need to explore causal 
relationships between abiotic and biotic factors and AGC stocks.

Data availability
Data supporting the findings of this study and the R code used for data analysis will be made available on request.
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