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Cocoa agroforestry systems (AFS) provide multiple ecosystem services, which are
influenced by features of the shade tree community. By strategically selecting and
managing shade trees based on their functional traits, cocoa farmers can affect
functional diversity of AFS and potentially enhance the benefits they deliver. In
this research, we applied functional trait ecology to better understand the effect
of functional diversity of cocoa AFS on three ecosystem services: carbon storage,
soil fertility, and provisioning of cocoa and other products. To achieve this, we
characterized 30 AFS across a gradient of ecological complexity and established
relationships between functional diversityw indices and ecosystem services using
ANOVA and multiple regression models. As a result, two contrasting ecological
dynamics were observed: low-complexity AFS, dominated by resource-conservative
traits (higher leaf dry matter content, higher stem specific density, and low leaf
nitrogen concentration), were associated with lower carbon stocks and soil fertility,
while high-complexity AFS, characterized by resource-acquisitive traits (low leaf dry
matter content, low stem specific density, and high leaf nitrogen concentration),
delivered greater ecosystem services. Through the multiple regression analysis, we
found that AFS dominated by species with greater maximum potential height, greater
leaf nitrogen concentration, lower leaf dry matter content, lower leaf mass per
area, and lower leaf nitrogen-phosphorus ratio were associated with higher carbon
storage (R? = 0.84), soil fertility (R? = 0.7 for soil nitrogen), and multiple ecosystem
services (R? = 0.78). Additionally, cocoa yields were negatively correlated with shade
cover and the dominance of large-leaf shade trees, revealing a potential trade-
off between maximizing yields and enhancing ecosystem services. Nevertheless,
the models indicated that a win-win scenario can be achieved when shade trees
are productive, generating additional benefits. Finally, our study highlights critical
relationships between shade tree traits and delivery of key ecosystem services
for farm sustainability and farmer livelihoods.
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shade trees, theobroma cacao, functional ecology, functional traits, agroecosystems,
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1 Introduction

Agroforestry is an agricultural technique involving multiple
species in the same area, with at least two components interacting with
each other and at least one woody perennial species (Somarriba, 1990;
Torquebiau, 2000). As a science, agroforestry branches from agronomy
and forestry but diverges from both due to its inherent complexity
resulting from multiple species interactions. Traditional agronomic
and forestry approaches view crop performance as an outcome of crop
genetics, environmental conditions, and management practices
(Burdon et al,, 2017; Beres et al., 2020). However, these approaches
lack methodologies to analyze the interactions between multiple
species, which is essential in agroforestry systems (AFS) research,
design and management (Martin and Isaac, 2015). In contrast, trait-
based ecology analyzes functional diversity, a distinct component of
ecosystem biodiversity (Martin and Isaac, 2015). This approach
projects the performance of a plant community with diverse species,
such as AFS, based on the specific attributes of its individuals which
affect species-ecosystem interactions: the functional traits (McGill
et al., 2006; Diaz et al., 2007; Isaac et al., 2024).

Characterizing plant populations by their functional traits rather
than their taxonomic identities, trait-based ecology reduces the vast
array of species to a more manageable set of variables. These functional
traits, measurable in plants from different species, allow setting
common scales to compare species and their ecological functions
(Cadotte, 2011). The traits of individuals can be analyzed at a
community level through functional diversity, which is the value and
range of functional traits of organisms in a given ecosystem (Tilman,
2001). This framework makes it possible to quantify and analyze
interspecific and intraspecific species interactions and the associated
community ecological processes, such as resource exploration,
resource complementarity, ecological redundancy and competition
(Tilman, 2001; Diaz et al., 2007; Violle et al., 2007; Martin and Isaac,
20155 Isaac et al., 2024). Focusing on ecological processes from
interconnected components in a system, functional diversity
contributes to disentangling the chain of interactions that result from
multiple species consortiums in AFS (Martin and Isaac, 2015, 2018;
Sauvadet et al., 2020b; Sauvadet et al., 2020a; Addo-Danso et al., 2024).

The trait-based ecology approach also can be applied to analyze
the relationship between community compositions and ecosystem
services in agroecosystems. Since plant functional diversity is linked
to ecological processes, it consequently affects ecosystem properties
and services (Diaz et al., 2007). For instance, functional diversity in
AFS has been associated with microclimate regulation (Gagliardi
et al,, 2021), pathogen incidence (Avelino et al., 2023), soil fertility
(Sauvadet et al., 2020b; Sauvadet et al., 2020a; Addo-Danso et al.,
2024), and soil biological health (Moco et al., 2010). Yet, little work has
explored how tree trait diversity in AFS affects system
multifunctionality, particularly its influence on supporting, regulating,
and provisioning ecosystem services, and how much trait diversity is
needed to achieve these outcomes. Exploring these relationships is
increasingly important in the current context, where biodiversity
conservation and climate change mitigation are part of the global
agenda, and AFS are being promoted for its potential to delivery
ecosystem services (Terasaki Hart et al., 2023; Orozco-Aguilar
etal., 2024).

Costa Rica is one of the most extensively studied tropical
regions in the field of agroforestry (Somarriba et al., 2001; Nair
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et al., 2021), with research primarily focusing on traditional
variables, including structural and compositional aspects such as
canopy cover, tree density, species diversity, provision of goods,
among others (Deheuvels et al., 2012; Ngo Bieng et al., 2013;
Cerda et al,, 2014). Although functional diversity has gained
recognition for its role in understanding agroforestry systems, it
remains underexplored in Costa Rican contexts. Applying the
trait-based ecology approach could advance the objectives of the
Cocoa National Plan for 2018-2028 (Comisién Interinstitucional
de Cacao, 2018), which seeks to enhance Costa Rica’s cocoa
production through sustainable practices, including the adoption
of improved cocoa varieties and shade trees that deliver critical
ecosystem services.

This research quantified and characterized the functional
diversity and key ecosystem services of cocoa AFS across a
gradient of ecological complexity, from simple to highly
biodiverse systems. Furthermore, we analyzed the effect of
functional diversity on the delivery of ecosystem services of
provisioning (yield of cocoa and other products), regulation
(carbon storage), and support (soil fertility) to better elucidate
the critical relationship between shade tree traits and
AFS functioning.

2 Materials and methods
2.1 Study site and sampling strategy

The research was conducted in 30 AFS distributed in the central
and southern Caribbean region of Costa Rica, between 9° 30’ N and
10° 8 N, and 82° 34 W and 83° 21’ W, an area characterized by
average temperatures ranging from 21°C to 31°C (Solano, 1996).
Annual precipitation in this region varies between 2,470 and
3,844 mm, which characterizes it as a tropical rainforest climate
(Solano, 1996). In this region, most cocoa is grown in AFS, under the
canopy of shade trees and intercropped with banana trees and annual
crops (Somarriba et al., 2003; Deheuvels et al., 2012). The AFS types
in this region vary widely, from multi-strata, highly diverse systems
established from seed to more simple and intensive production
systems that utilize improved cocoa varieties (Cerda Bustillos
etal., 2013).

To analyze the effect of functional diversity on ecosystem
services along a gradient of ecological complexity, cocoa AFS plots
(n=30) with different species richness values, a traditional
biodiversity proxy (Moreno-Mateos et al., 2020), were selected.
Species richness is correlated with functional diversity (Lawton et al.,
1998; Naeem, 2002; Tilman, 1999) and can be visually estimated
when comparing AFS with contrasting conditions, facilitating the
selection of plots for functional diversity analysis. Therefore, to
capture a potential gradient of functional diversity, the selected plots
included AFS with a range of species richness, from relatively low to
high shade tree diversity, based on the species composition observed
in contemporary cocoa farms using clonal cocoa varieties within the
study area (Figure 1). The cocoa clones grown across the sampled
AFS were those recommended by CATIE (Phillips-Mora et al., 2013)
and are widely cultivated in the region, namely: CATIE-R1, CATIE-
R4, CATIE-R6, CC-137, ICS-95T1, PMCT-58, and IMC-67
(Figure 2).
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FIGURE 1

Examples of sampled agroforestry systems (AFS) representing different levels of ecological complexity: (1) low, (2) medium, and (3) high. Pictures 1 and
2 by Jimmy Medina (Ministry of Agriculture of Costa Rica); picture 3 by Leonel Coto (CATIE).
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FIGURE 2

red dots indicate plots outside the Sixaola river basin.

Distribution of the 30 agroforestry systems (AFS) plots in Caribbean Huetar region of Costa Rica. Blue dots indicate plots in the Sixaola river basin and
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We used the 2020-2021 cocoa census data from Costa Rica
(Ministerio de Agricultura y Ganaderia de Costa Rica (MAG),
2021) to identify farms that met the selection criteria, and
we further refined the selection process by employing a chain
referral sampling method, consulting with the technical staff of the
Ministry of Agriculture. Sampled plot consisted of 30 farms
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meeting the following criteria: (a) being outside indigenous
territories; (b) solely AFS (no monocultures); (c) plantation age of
5-15 years; (d) having clonal cocoa varieties; (f) practiced at least
one annual pruning; (g) recorded a minimum vyield of
100 kg ha™' year™
per hectare.

; (h) having a minimum density of 30 shade trees
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This methodical selection ensured that the farms shared consistent
management practices and agroforestry conditions, thereby
minimizing confounding variables. These standardized criteria
allowed for a robust comparative analysis of cocoa production systems
across the sampled AFS.

2.2 Data collection

In each AFS, a 1,000 m? plot (20x50 m) was established to
inventory and characterize the diversity and structure of the
targeted AFS. Plots were divided into four 250 m? subplots for soil
and  shade well-distributed
data collection.

measurements,  ensuring

2.2.1 Plant inventory

All woody perennial individuals with a diameter at breast
height (DBH) > 5 cm were identified and measured for both
commercial bole height and total height (m). All cocoa trees and
banana stems were counted, and representative samples (10 cocoa
trees and up to 10 banana stems) were randomly selected and
measured (total height, DBH for banana, and diameter at 30 cm
for cocoa). These measurements were used to calculate species
richness, species abundance, functional diversity indices, and
carbon stocks.

Canopy cover was measured using the HabitApp mobile
application (Farfan, 2014) by taking one upward-facing picture per
subplot at the center, 3 m above the ground, above the cocoa canopy.
Average shade cover for each plot was calculated from the four
subplot images.

2.2.2 Soil sampling

Soil texture and fertility data were collected using composite
samples from each subplot at a depth of 5-20 cm. Sampling
locations were determined based on the following criteria: (1) an
intermediate distance between the trunk and canopy edge of the
most dominant shade species, comprising approximately 80% of the
tree biomass in the plot (Garnier et al., 2004); (2) 1 m away from
the base of a cocoa trunk; and (3) an area with relatively low tree
canopy cover (adapted from Sauvadet et al., 2020b; Sauvadet
et al., 2020a).

Samples were dried at 40°C for 48 h, sieved (2 mm for most
analyses; 0.25 mm for nitrogen (N) and soil organic carbon (SOC)),
and analyzed for N and SOC concentrations using the combustion
method. Phosphorus (P) and potassium (K) concentrations were
determined using the Olsen method (Olsen et al., 1954), while calcium
(Ca), magnesium (Mg), and soil pH were assessed using 1N
potassium chloride solution and the water method, respectively. Soil
texture was method

determined using the hydrometer

(Bouyoucos, 1962).

2.2.3 Farmers interview

Semi-structured interviews were applied to farmers to capture
data on plantation age (years), area (ha), and estimated cocoa
production (kg.ha™'.year™). Since most farmers did not keep records
of annual production, yield was estimated indirectly by asking about
their typical productivity patterns.

Farmers were asked to estimate:
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1. The number of months with high productivity (HP) and low
productivity (LP).

2. The average number of harvest days per month during HP and
LP periods.

3. The average cocoa yield per harvest day during each
productivity period.

Based on this information, cocoa production during LP
(Equation 1) and HP months (Equation 2) were estimated to
determine the annual cocoa productivity (Equation 3):

. ° Harvest days

Production LP:(n of LP months)x S Iy

per month LP

1)
(Cocoa yield per day LP)
Production HP = (ng of HP months) X Harvest days
per month HP )
(Cocoa yield per day HP)
Drv cocoa Production LP +
Y .. —1 1 Production HP 1 3)
productivity (kg ha”" year ) =~ T I
Total AFS hectares 3

The conversion factor of 1/3 was applied to account for the typical
ratio of fresh to dry cocoa beans (Lachenaud et al., 2007).

2.2.4 Functional diversity characterization

We assessed nine functional traits: maximum vegetative
height (Hmax, m); leaf area (LA, mm?); specific leaf area (SLA,
mm’ mg~'); leaf mass per area (LMA, mg mm™); leaf dry matter
content (LDMC, mg g™'); leaf nitrogen concentration (LNC, mg
g™"); leaf phosphorus concentration (LPC, mg g™'), leaf nitrogen
and phosphorus concentration ratio (N:P, unitless); specific stem
density (SSD, g cm™). These traits were selected due to their
documented links to key ecosystem services targeted in this
research—plant productivity, nutrient cycling, and carbon stocks
(Cornelissen et al., 2003; Diaz et al., 2007; Finegan et al., 2015;
Pérez-Harguindeguy et al., 2013).

Leaf traits (LA, SLA, LMA, LDMC) were measured on 25
sun-exposed leaves collected from two branches of each of five mature
trees across various locations in the study area, following the
guidelines of Pérez-Harguindeguy et al. (2013). SSD for Musaceae
stems was determined using the water displacement method adapted
from Pérez-Harguindeguy et al. (2013), and Hmax was averaged from
the five tallest stems recorded in the inventory (Pérez-Harguindeguy
etal, 2013). The functional trait values measured using these methods
are detailed in Appendix 1.

Trait values for Hmax, SSD, LNC, LPC, and N:P were
supplemented with data from bibliographic sources and databases
(Henry et al., 2013; Kattge et al., 2011; Orwa et al., 2009; Sousa et al.,
2017; Sousa et al., 2019). To ensure reliability, bibliographic data were
included only if they met specific criteria: traits were documented at
the species level, published in peer-reviewed journals or academic
theses, and ideally sourced from studies conducted in the same climate
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zone (humid tropics). In cases where species-specific data were
unavailable, genus-level values or data from similar climates were
used. If no other data met these criteria, unpublished information
from online trait databases was considered as a last resort (Kattge
et al,, 2011). The functional trait values obtained through these
methods and assigned to each of the dominant species are detailed in
Appendix 2.

2.3 Data analysis

2.3.1 Calculation of functional indices

The functional diversity of sampled AFS was quantified using
single-trait and multi-trait indices, reflecting different aspects of
ecosystem functional diversity. The single-trait functional metric
used was the Community Weighted Mean (CWM), while the
multi-trait indices were functional dispersion (FDis) and
quadratic Rao (RaoQ).

For all the species inventoried within AFS, only those species
comprising 80% of the total basal area in each plot were
considered dominant (Garnier et al., 2004). According to the
Mass Ratio Hypothesis, dominant species strongly influence
ecosystem properties through their functional traits (Grime,
1998). To express species’ influence, the functional indices
formulas were weighted by the relative basal area of the respective
species population. This measure was chosen over relative
abundance to avoid overestimating the impact of highly dense,
(e.g.,
low-density, high biomass species (e.g., shade trees).

low-biomass species cocoa) and underestimating

The CWM reveals the communities’ dominant functional trait
values and helps to elucidate the mechanisms driving ecosystem
services (Diaz et al., 2007; Finegan et al., 2015; Garnier et al., 2004;
Violle et al., 2007). The CWM is calculated for each trait in each plot
using Equation 4, which involves multiplying the trait value (X) of each

dominant species (i) by its relative basal area (RBA) within the plot.

N
CWM = > RBAiXi (4)
i=1

The multi-trait indices FDis and Rao’s Q contribute to understanding
the relationship between plant communities and ecosystem properties by
examining functional trait variability (Laliberté and Legendre, 2010). The
niche complementarity hypothesis suggests that functional trait variability
within a community is linked to the differentiation of ecological strategies
and the range of niches explored within the community, processes that
influence ecosystem properties differently (Diaz et al., 2011). FDis and
Rao’s Q can be calculated for low-diversity ecosystems, which is necessary
for comparing the simple AFS considered in this study. The difference
between these two indices is that while Rao’s Q is influenced by species
richness or the number of significantly different traits, FDis is not affected
by species richness, but by the addition of significantly different new traits.
Both, the CWM and multi-trait indices were calculated using the FD
package in R.

2.3.2 Quantification of ecosystem services

The provisioning service was quantified by cocoa productivity
(kg ha™" year™). Additionally, the potential provisioning capacity of the
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AFS was estimated by combining cocoa productivity with the potential
production of commercial timber and fruits (including banana and
plantain), calculated based on the tree densitiy (individuals ha™) of these
species. These measures were considered representative of AFS
provisioning, as the densities of exploitable species potentially impact
income diversification, gross income, and contribute to household
consumption (Cerda et al., 2014). The combination of cocoa productivity
(kgha™ year™) with fruit and timber densities (trees ha™) was
accomplished by applying Equations 5, 6, following the methodology of
Kearney et al. (2019).

The climate regulation service considered here was the aboveground
carbon (Mg ha™) stored in trees, encompassing all shade trees, Musaceae,
and cocoa. Aboveground carbon stocks were estimated by applying tree
measurements (DBH and total height) obtained in the field, together with
wood densities values from existing databases (Zanne et al., 2009; Kattge
etal,, 2020), and factored into allometric equations (Appendix 3). The
resulting aboveground biomass was converted into carbon stock by
applying a carbon fraction of 0.47 (Intergovernmental Panel on Climate
Change (IPCC), 2006).

The support service assessed here was soil fertility, measured from
collected soil samples from each plot, which were further analyzed for
nitrogen (N), phosphorus (P), potassium (K), acidity, and soil organic
carbon (SOC). A Composite Soil Fertility Index, representing the overall
fertility condition of each AFS was calculated by (1) converting acidity to
its inverse value with Inverse Acidity = 1 - Acidity; (2) standardizing N,
P, K, and inverse acidity from 0 to 1; (3) adding all the variables. This
Composite Soil Fertility Index was deemed satisfactory as it showed a
significant relationship with cocoa productivity in linear regression
analysis (p-value = 0.0443; & = 0.05).

2.3.2.1 Multiple environmental service index
To simultaneously assess multiple environmental services, the three
ecosystem services—carbon stocks, provisioning, and soil fertility—
were combined into a composite index, following Kearney etal. (2019).
The first step taken in the process was to standardize all environmental
service indicator values to a range of 0.1 to 1 (Equation 5).
ai—bi) 5

Yi=0.1+ (

() 0.9 ©)

Where Yi is the score of the variable i, ai is the original value, ai is
the maximum, and bi is the minimum observed value.

For environmental services composed of elements from different
units, composite scores were calculated by standardizing each element of
the respective environmental service and adding them up after
multiplying by a PCA-derived weighting factors, its respective
eigenvectors (Equation 6):

n
CI=> (YiWipcl+YiWipc2) (6)
i=1

Where CI is the composite index, Yi is the standardized value
from Equation 5, and Wi is the PCA weighting factor.

Finally, the Composite Index (CI) is standardized again using
Equation 5, and the scores from the three ecosystem service categories
are summed.
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TABLE 1 Variables included in the multiple regression models.

Ecosystem service = Dependent variable Independent variable

Abiotic Multi-trait indices

Single trait indices

Total aboveground carbon Location, Soil texture, N, = SSD, SLA, LDMC, LA, SLW,
Carbon stocks o FDis, RaoQ
Shade tree aboveground carbon P, K, Soil acidity, pH Hmax, LNC, LPC, N:P
Nitrogen
Phosphorus
Potassium SSD, SLA, LDMC, LA, SLW,
Soil Fertility Location, Soil texture FDis, RaoQ
Soil organic carbon Hmax, LNC, LPC, N:P
Acidity
Composite Soil Fertility Index
Location, Soil texture, N,
SSD, SLA, LDMC, LA, SLW,
Provisioning Cocoa productivity P, K, Soil acidity, pH, FDis, RaoQ
Hmax, LNC, LPC, N:P
shade
SSD, SLA, LDMC, LA, SLW,
Simple ecosystem service index Location, Soil texture FDis, RaoQ
Hmax, LNC, LPC, N:P
Composite ES index
SSD, SLA, LDMC, LA, SLW,
Complete ecosystem service index Location, Soil texture FDis, RaoQ
Hmax, LNC, LPC, N:P

The quadratic terms of all the independent variables were also included into the models.

2.4 Statistical analysis

2.4.1 Characterization of cocoa AFS along a
gradient of complexity

To characterize functional diversity in AFS across a gradient
of ecological complexity, the 30 AFS plots were grouped based on
species richness using cluster analysis (Ward’s method, with
Euclidean distances). This analysis categorized the farms into
groups of low, medium, and high ecological complexity. The low
complexity group comprised 8 farms with shade tree diversity
ranging from 1 to 2 species; the medium complexity group,
contained 17 farms with shade tree diversity ranging from 3 to 8
species; and the high complexity group, included 5 farms with
shade tree diversity ranging from 9 to 13 species.

Subsequently, the general AFS structure and botanic composition,
the ecosystem services, and the functional diversity indices were
characterized for each AFS group. These variables were compared
among the groups using variance analysis (ANOVA), with Extended
and Mixed Linear Models for continuous variables, and with
Generalized Linear and Mixed Effect Models for count variables,
applying the Fisher’s LSD post-hoc test (a = 0.05).

2.4.2 Relationship between functional diversity
and ecosystem services

Multiple regressions were performed to evaluate the
relationship between functional diversity and key ecosystem
services. The dependent variables in the regression models were
carbon stocks, cocoa yield, soil organic carbon (SOC), soil
nitrogen (N), phosphorus (P), potassium (K), the Composite Soil
Fertility Index, and the Multiple Ecosystem Service Index. The
explanatory variables consisted of computed functional diversity
indices (CWMs and multi-trait functional indices). In addition,
for the carbon stock model, soil parameters (N, P, K, acidity, and
soil texture) were also included as explanatory variables.
Similarly, the cocoa productivity model included the same soil
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parameters and canopy cover. For the soil fertility ecosystem
services and the Multiple Ecosystem Service Index models, soil
texture was also included as an explanatory variable.

To account for different measurement scales, all variables were
normalized from 0 to 1. Quadratic terms were included for all
independent variables. Given that the plots were in two contrasting
areas—within the Sixaola River basin, where they are susceptible to
flood events, and outside the basin, where floods are unlikely—the
models accounted for location effects to control for this variation.

The regression models were refined through a two-step procedure.
First, because the number of explanatory variables (Table 1) exceeded the
number of observations, a forward selection method was employed to
reduce the number of variables by retaining only the significant variables
(a = 0.05) using the “forward.sel” function from the “adespatial” package
in R Software. To account for the location effect, a location indicator
variable was included as an explanatory variable. Second, a linear mixed
model was fitted with the selected explanatory variables using Infostat,
incorporating the location as a random effect. Multicollinearity among
parameters was assessed using Variance Inflation Factors (VIF > 10) and
by removing collinear variables. To account for heteroscedasticity, the
varExp function was employed, and appropriate transformations were
applied to ensure normality. Since this research intended to explore the
relationships between functional diversity and ecosystem services, but not
defining predictive models, the final model retained only significant
variables (« = 0.05). Different candidate models were compared using the
Akaike Information Criterion (AIC) to select the best-fitting model.

3 Results
3.1 General characterization
Forty-five tree species, including cocoa and non-tree plants such

as banana/plantain, coconut, and peach palm, were identified in the
30 AFS plots, with 28 of these species were dominant based on the
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Mass Ratio Hypothesis. Most species identified were useful for
farmers, with commercial uses for timber or fruits, and seven
leguminous tree species. Twelve non-commercial value tree species,
were also recorded (Appendix 4). The most frequent shade tree were
Cordia alliodora, Musaceae, Nephelium lappaceum, Bactris gasipaes,
Cedrela odorata, Cocos nucifera, Hieronyma alchornoides and Persea
americana. The dominant shade tree species varied across the AFS
according to the ecological complexity (Appendix 5).

Regarding the structural features of the AFS groups, shade cover,
trees basal area and tree densities—except of cocoa tree density—
followed the same pattern of the ecological complexity gradient as
described by species richness, increasing from the low-complexity
group to the high-complexity group (Table 2).

3.2 Characterization of functional traits

The dominant species identified in the AFS were separated into
six Plant Functional Types (PFT). Two PFT of non-tree plants were
defined a priori due to their distinct phylogenetics from dicot trees:
the Arecaceae, composed by Bactris gasipaes (peach palm) and
Cocos nucifera (coconut), and the Musaceae, composed by Musa
acuminata (cavendish banana) and Musa paradisiaca (plantain).
The remaining species were subjected to a cluster analysis based on
the leaf traits SLA, LMA, LNC, LPC, NP, and LDMG, resulting in
three additional PFT (Figure 3). The PFT were satisfied by a
MANOVA, with significant differences between all the groups
(p < 0.0001).

10.3389/fsufs.2024.1507555

PFT were well distributed along the plant economic spectrum
(Figure 4), reflecting different ecological strategies among them. Most
of the differences between species were attributed to SLA, LNC, N
ratio, LDMC, LMA, LA, and SSD (PC1), supporting the hypothesis
that leaf traits are crucial for assessing plant ecological strategies
(Wright et al., 2004). Additionally, species differences were explained
by LPC, LA, N:P ratio and, most notably, by Hmax and SSD (PC 2),
confirming that whole-plant traits contribute significantly to evaluate
plant ecological strategies (Reich, 2014).

The species on the negative side of PC1 were associated with
acquisitive traits, with leguminous trees being well-represented in this
PFT. On the opposite side of PC1 were species linked to conservative
traits. Intermediate strategists were more concentrated near the center
of the PCA and exhibited higher LPC values, primarily due to the
presence of Theobroma cacao, Citrus spp., and Persea americana.

3.3 Functional diversity characterization

The CWM of LNC, SSD, and LDMC were significantly different
between the AFS groups (p-value <0.05), with inferior values for the
low ecological complexity AFS compared to the medium and high-
complexity AFS. The low-complexity AFS exhibited conservative
traits, which are typically associated with slow plant growth and slow
leaf litter decomposition, due to a low LNC and high SSD and LDMC
(Garnier et al., 2004; Finegan et al., 2015). The medium and high-
complexity AFS exhibited acquisitive traits, linked to fast growth and
fast decomposition rates, attributed to the higher LNC and low SSD

TABLE 2 Comparison across ecological complexity agroforestry system (AFS) groups.

Index Chi-sqr F-value p-value Low Medium High
Species richness (n° trees) 40.12 - <0.001 2.63 £0.57C 6.65 £ 0.63B 11.60 + 1.52A
Cocoa density (plant ha™) 5.83 - 0.0541 687.50 + 49.46A 814.71 £ 40.10A 668.00 + 60.82A
Shade tree density (plant ha™") 1.543 - <0.001 117.50 + 3.83B0C 302.94 £ 4.22B 472.00 +9.72A
Total tree density (plant ha™") 603.68 - <0.001 805.00 + 10.03B 1117.65 £ 8.11A 1140.00 + 15.10A
Total basal area (m* ha™') - 6.35 0.005 17.89 + 0.78B 25.70 + 2.68A 31.23 £5.72A
Shade tree basal area (m? ha™') - 6.60 0.005 6.02 + 0.96B 15.59 + 3.11A 22.69 + 7.38A
Shade (%) - 3.51 0.044 30.53 +£5.01B 43.30 + 3.43A 50.40 + 6.33A
Functional indices

CWM Hmax - 3.46 0.046 14.12 + 0.96A 18.01 + 1.40A 19.59 £ 3.19A
CWM LPC - 293 0.071 1.06 + 0.09A 1.25+0.09A 1.33+0.11A
CWM SLA - 2.39 0.111 12.05 £ 0.67A 13.32 £ 0.43A 13.08 +£ 0.70A
CWM LNC - 3.79 0.035 20.64 +1.23B 25.97 £+ 1.38A 26.17 £2.27A
CWM N:P - 0.63 0.539 22.20 +£ 0.88A 22.65 + 0.60A 21.24 £ 1.11A
CWM SSD - 7.45 0.003 0.48 £0.01A 0.43 +0.01B 0.41 +0.02B
CWM LA - 2.56 0.096 78,721 £ 49,502A 119,146 + 20,600A 165,751 + 59,262A
CWM LDMC - 3.53 0.044 415.48 + 12.37A 377.37 + 8.48B 376.33 £ 15.64B
CWM LMA - 1.70 0.202 0.089 £ 0.01A 0.079 + 0.00A 0.080 + 0.00A
FDis - 0.78 0.467 1.74 £ 0.23A 2.04 £ 0.16A 2.14 £ 0.29A
RaoQ - 1.80 0.467 422+ 1.01A 5.54 +0.70A 6.03 £ 1.28A

For AFS components densities, Generalized Linear model and LSD Fisher comparison (« = 0.05) were used. For general AFS characteristics and functional diversity indices, Extended and
Mixed Linear Models Analysis (a = 0.05) were used. Results are presented as mean + standard error (SE), where “+’ represents the standard error range. n = 30. Different letters in a row
indicate significant differences. Variables with significant differences are highlighted in bold letters.
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FIGURE 3
Plant Functional Types (PFT), formed with Cluster analysis using the Ward method and Euclidian distances. The clustering was based on the

Community Weighted Mean (CWM) of Specific Leaf Area (SLA), Leaf Mass per Area (LMA), Leaf Nitrogen Concentration (LNC), Leaf Phosphorus
Concentration (LPC), Leaf Nitrogen-Phosphorus Ratio (N:P) and Leaf Dry Matter Content (LDMC) from the 28 dominant species.
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FIGURE 4
Plant economic spectrum of the dominant agroforestry systems (AFS) species in a Principal Component Analysis. The leaf economic spectrum is

represented by the first axis, in which leaf traits hold the greatest loadings. The Plant Functional Types (PFT) are identified in the caption.
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and LDMC (Garnier et al., 2004; Finegan et al., 2015). Additionally,
the CWM Hmax was significantly different among groups in the
ANOVA test; however, the Fisher’s LSD posthoc test did not find any
significant differences, which might be explanined by the small
sample size and high variability within the groups. CWM LPC, SLA,
LMA, LA were not significantly different among groups.

The multi-trait indices, FDis and RaoQ, were not significantly
different among the AFS groups. It was expected that higher ecological
complexity would lead to a wider range of traits, resulting in higher FDis
and RaoQ values. However, the extensive variability of these indices
within the AFS groups prevented the confirmation of clear patterns

3.4 Characterization of ecosystem services

3.4.1 Provisioning: cocoa yield and other AFS
products

Cocoa yields were significantly different among AFS groups (p-value
<0.05; Table 3). The low-complexity group had the highest cocoa yield,
while the medium and high-complexity groups produced relatively less.
The high-complexity group exhibited the lowest average yield but also
had the greatest variability. When analyzing cocoa yield per tree,
we found no significant differences between the AFS groups (Table 3).
Fruit tree diversity (species richness) was higher in medium and high-
complexity groups. However, fruit and timber tree densities were not
statistically different across the groups. The densities of Musaceae were
significantly higher in the medium and high-complexity AFS groups
compared to the low-complexity AFS groups. However, the variability in
Musaceae densities was high within all groups because many AFS,
regardless of their ecological complexity, did not contain Musaceae.

10.3389/fsufs.2024.1507555

3.4.2 Regulating: carbon stock

The AFS groups presented significant differences for the
aboveground carbon stocks (Table 3). The low-complexity group
exhibited smaller carbon stocks, with an average of 26.59 Mg ha™' of
carbon. In contrast, the medium and high-complexity groups
displayed statistically equal carbon stocks, averaging 51.11 and
64.38 Mgha™', respectively. The shade trees made the greatest
contribution to the carbon stocks in all the AFS groups, representing
on average 75% of the total carbon stocks.

3.4.3 Supporting: soil fertility

The Composite Soil Fertility Index, as a proxy for overall soil
fertility, did not differ among groups. However significant differences
were observed in nitrogen (N) and soil organic carbon (SOC) levels.
Both, the total soil N and the SOC were significantly lower in the
low-complexity group than in the medium and high-complexity
groups (Table 3). In the low-complexity group, the average levels of N
and SOC were below the minimum nutrient requirements for cocoa
cultivation, while, on average, the other two AFS groups had adequate
levels for these nutrients (Snoeck et al., 2016). Additionally, the pH
values of all the AFS groups were within the appropriate range for
cocoa cultivation (Quesada et al., 2012). Phosphorus was deficient in
most AFS plots, as expected from highly weathered tropical soils.
Potassium was similar across AFS groups, and on average, these AFS
plots meet the minimum K requirement for cocoa cultivation.

3.4.4 Multiple ecosystem services

The Multiple Ecosystem Service Index, which simultaneously
considers carbon stocks, soil fertility and provision of cocoa and other
AFS products, exhibited a significant difference among the AFS

TABLE 3 Comparison of provision, carbon storage and soil fertility across ecological complexity agroforestry system (AFS) groups using extended and

mixed linear models.

Variable F Chi-sqr p Low Medium High
Cocoa yield (kg ha™ yr.™") 3.74 - 0.037 892.66 + 67.37A 706.50 = 49.52B 632.40 = 78.16B
Cocoa yield (kg tree™ yr.™") 1.25 - 0.302 1.35+0.28A 0.88 + 0.09A 0.97 £ 0.21A
Fruit richness (trees ha™!) - 14.01 <0.001 1.75 £ 0.47B 3.65 + 0.46A 5.60 + 1.06A
Provision
Timber density (trees ha™') - 2.29 0.318 46.25 £ 20.27A 107.06 + 32.06A 102.00 + 56.32A
Fruit density (trees ha™) - 0.67 0.715 46.25 £ 26.58A 52.94 + 20.86A 92.00 £ 66.75A
Musaceae density (trees ha™) - 9.74 0.008 3.75+2.82B 127.65 + 64.04A 220.00 + 203.43A
Cocoa Carbon (Mg ha™) 2.42 - 0.108 9.36 + 0.99A 7.20 + 0.68A 6.15+ 1.26A
Carbon storage Shade tree Carbon (Mg ha™") 3.52 - 0.044 17.22 +2.30B 43.91 £9.19A 58.22 + 20.53A
Total tree Carbon (Mg ha™") 5.49 - 0.010 26.59 £ 1.81B 51.11 + 8.89A 64.38 £ 19.13A
Soil Nitrogen (%) 7.8 - 0.002 0.15+0.03B 0.22 £ 0.02A 0.25 £ 0.03A
Soil Phosphorus (ppm) 1.90 - 0.169 12.05 + 1.24A 7.86 + 1.82A 8.80 + 4.54A
Soil Potassium (cm kg™") 0.67 - 0.519 0.35 £ 0.06A 0.36 + 0.04A 0.27 £ 0.07A
Soil fertility
Acidity (cmol kg™") 1.10 - 0.346 0.12 £ 0.01A 0.24 + 0.06A 0.15 + 0.03A
Soil organic Carbon (%) 3.49 - 0.045 1.56 £ 0.21B 2.08+0.14A B 2.40 + 0.26A
Composite fertility index 0.14 - 0.873 2.20 £ 0.10A 2.09 £0.19A 2.13£0.31A
Multiple
Multiple Ecosystem Service index 4.41 - 0.022 1.26 + 0.06B 1.51 +0.10A 1.73 + 0.20A
Ecosystem Service

(F-value) and General Mixed Linear Models (Chi-square). Results are presented as mean + standard error (SE), where ‘+’ represents the standard error range. n = 30. Variables with significant

differences (o« = 0.05) are highlighted in bold letters.
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groups. The low AFS group had an inferior value compared to the
medium and high-complexity AFS groups.

3.5 Relationship between the functional
diversity and the production of ecosystem
Services in Cocoa Agroforestry Systems

The multiple regression analysis (Table 4) revealed several
statistically significant relationships between functional diversity and
the delivery of targeted ecosystem services.

Carbon stock exhibited a significant positive relationship with
CWM Hmax and a significant negative relation with CWM LMA, N:P,
and FDis. These variables accounted for 84% of the variability in total
carbon stock values, with Hmax as the most influential predictor.

In terms of crop productivity, cocoa yield per hectare was positively
linked to K levels and negatively associated with FDis. Together, these
indices explained 31% of the variability in cocoa yield per hectare.
When analyzing yield per tree, the predictors were shade cover and leaf
area (CWM LA), which had significant negative relationships and
accounted for 28% of the variability in cocoa yield per tree.

For the soil fertility models, SOC and N had a significant and
positive relation with the CWM LNC and soil clay proportion. These
two independent variables explained 66 and 70% of SOC and N
variability, respectively, and clay proportion was the most important
predictor for these variables. Similarly, the most important predictor
for soil P concentration was soil texture, where a negative relationship
with sand proportion explained 64% of P variability, but conversely, this
model showed no association with FD indices. Furthermore, the soil
fertility composite index showed a significant and positive relationship
with clay and a significant and negative relationship with LDMC, which
was the most influential predictor. In contrast, none of the independent
variables showed a significant relationship with K content.

The Multiple Ecosystem Service Index presented a significant
negative relationship with LDMC and N:P, and a significant positive
relationship with LNC. Together, these predictors explained 78% of
the variability in the Multiple Ecosystem Service Index, with N:P ratio
having the largest impact on the ecosystem services.

Opverall, these results demonstrate important linkages among key
ecosystem services, functional diversity attributes, and soil properties
in the sampled AFS plots. The statistical models explain substantial
portions of variability across indicators, highlighting the utility of
functional diversity for understanding ecosystem functioning.

4 Discussion

4.1 Comparison between AFS with
contrasting ecological complexities

In cocoa AFS featuring grafted clones from CATIE, an ascending
trend in tree densities, basal area, and shade cover was observed along
a gradient of ecological complexity based on species richness. This
ecological pattern, which links composition and structural complexity,
was associated with corresponding changes in functional diversity,
marked by an increase in CWM of LNC and Hmax, and a decrease in
CWM of LDMC and SSD. These functional traits are key variables
related to resource use patterns and reflect distinct ecological strategies
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of each AFS. The variation in these traits positions the tree species along
the plant economic spectrum, characterizing them as either acquisitive
or conservative species in terms of their resource use strategies.

Acquisitive plant strategists are associated with fast rates of ecosystem
processes, such as rapid decomposition of their nutritionally rich leaves
and efficient primary productivity with a reduced cost of leaf construction,
resulting in a greater competitive ability due to faster resource acquisition
(Cornwell etal,, 2008; Gorné et al,, 2022). Conservative plant strategists,
on the opposite side of the functional trait spectrum, have a conservative
use of resources and slower growth rates (Carreno-Rocabado etal,, 2012,
Reich 2014, Maracahipes et al., 2018; Gorné et al., 2022).

AFS with medium and high ecological complexity were
characterized by the dominance of acquisitive species, defined by traits
such as low LDMC and SSD and high LNC, which align with “fast”
ecological strategies. In contrast, low-complexity AFS were dominated
by conservative species with high LDMC and SSD and low LNC,
corresponding to “slow” ecological strategies. These distinct functional
profiles reflect the ecological complexity gradient observed in cocoa
AFS and provide a basis for understanding how different strategies
drive ecosystem functioning (Diaz et al., 2007; Wright et al., 2004).

The different ecological strategies among groups also manifested
as differences on ecosystem services delivering. On average, AFS plots
had 46.78 Mg ha™' of carbon, similar to the results from Somarriba
et al. (2013) for Costa Rica and Central America cocoa AFS. However,
carbon stock values exhibited wide variability across the AFS groups,
ranging from 17.84 to 149.13 Mg ha™'. The slow-conservative-low-
complexity group had lower carbon stocks, while the faster-acquisitive-
medium and high-complexity groups had higher carbon stocks.

For the soil fertility service, the faster-acquisitive medium and
high-complexity AFS groups were associated with higher soil fertility.
These acquisitive species can improve soil fertility through a high
biomass input and labile and fast decomposable leaves (Negret et al.,
20165 Gorné et al,, 2022). The quality of the leaf litter from these
acquisitive species, with a distinct composition from cocoa leaves, has
positive impact on soil ecological processes, increasing nutrient
availability (Sauvadet et al., 2020b; Sauvadet et al., 2020a; Addo-Danso
et al., 2024). Therefore, in terms of aboveground carbon and soil
fertility, the medium and high-complexity groups were more dynamic,
storing more carbon and making nutrients more available.

However, more complex systems were not necessarily superior in
all aspects. The medium and high-complexity groups had significantly
lower cocoa yields per hectare than the Low-complexity group,
suggesting a tradeoff between ecosystem services of carbon storage
and soil fertility, and cocoa provision, as reported in previous
investigations (Blaser et al., 2018).

Nevertheless, when the cocoa tree density per hectare is taken into
account, cocoa yield per tree does not differ significantly among the
groups. This highlights the importance of considering different
ecological processes at various scales (Lindborg et al., 2017). While the
hectare serves as a unit for landscape-scale ecosystem analysis and
supports farmers in optimizing resources within the constraints of
limited property areas, analyzing yield on a per-tree basis provides a
perspective on plant ecophysiology, revealing how a cocoa tree
responds to environmental conditions. These contrasting results—
higher yields from the low-complexity AFS at a landscape level but no
difference among AFS groups at the ecophysiological level —suggest
that cocoa yield is not entirely linked to the ecological complexity of
AFS. Therefore, other factors must be assessed to fully explain cocoa
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TABLE 4 Results of multiple regression models for ecosystem service proxies, with functional diversity indices and abiotic parameters as fixed effects and location as a random effect.

Predictor Total Cocoa yield Cocoa Nitrogen Phosphorus Soil organic  Composite soil Multiple
variable aboveground per hectare yield per carbon fertility index ecosystem
carbon tree service
Coeff. + (S.E)
Constant 0.26 (0.07) 0.28 (0.07) 0.46(0.05) —0.01(0.04) 0.4 (0.22) 0.05 (0.07) 0.51(0.21) 0.84 (0.2)
Sand —0.35(0.13)
Soil abiotic Clay 0.51 (0.06) 0.58 (0.1) 0.28 (0.13)
variables Shade —0.21 (0.05)
K 0.23 (0.1)
LDMC —0.35 (0.16) —0.48 (0.2)
LNC 0.46 (0.09) 0.37 (0.09) 0.48 (0.2)
Community LMA —~0.14 (0.06)
weighted mean
(CWM) Hmax 0.48 (0.09)
LA —0.26 (0.06)
N:P —0.33 (0.09) —0.89 (0.12)
FDis —0.12 (0.04) -0.22 (0.1)
Multi-trait index | R* 0.84 031 0.28 0.7 0.64 0.66 05 0.78

Results are presented as the estimated coefficients + standard error (SE), where ‘+ represents the standard error range. Only variables with statistically significant effects (p < 0.05) were retained in the model.
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yields. Still, the analysis of cocoa yield per tree reveals low plasticity in
the clonal cocoa varieties, which maintain similar production
regardless of ecological conditions.

When analyzing all these ecosystem services together, through the
Multiple Ecosystem Service Index, significant differences among the
AFS groups were observed. Higher values of multiple ecosystem
services were observed for the medium and high-complexity AFS,
which is consistent with other publications that found that diversity of
functional traits can lead to complementary resource use and improved
ecosystem functioning (Isaac et al, 2024). From a provisioning
perspective, the Multiple Ecosystem Service Index should be understood
through the logic of the Land Equivalent Ratio, as the contribution of
different components within an agroforestry system can offset the
reduction in cocoa yield caused by species competition (Mead and
Willey, 1980). Therefore, our findings suggest that a win-win scenario—
positive for carbon, soil fertility, and provisioning—can be achieved
when the shade trees are productive and can generate benefits.
Otherwise, a tradeoff between ecosystem services is more likely.

In summary, the characterization of functional diversity along a
gradient of ecological complexity in AFS groups demonstrates that the
low ecological complexity group exhibited predominantly conservative
traits, while the medium and high ecological complexity groups displayed
predominantly acquisitive traits. These trait profiles imply slower biomass
growth and nutrient availability in the low-complexity group, and faster
biomass growth and nutrient availability in the medium and high-
complexity groups. This difference in trait profiles may be associated with
different production strategies. Producers in the low-complexity group
may not be interested in the benefits from the shade trees and may focus

10.3389/fsufs.2024.1507555

solely on cocoa productivity, whereas producers in the medium and
high-complexity groups seek multiple outcomes from their AFS.

4.2 The effect of functional diversity on
ecosystem services

Based on the multiple regression model analysis, seven out of the
nine functional indices showed significant effects on ecosystem services,
including both the single and multi-trait indices. Specifically, the CWM
of Hmax, LMA, LA, LNC, N:P, LDMC, and the FDis (Figure 5).

As expected, AFS dominated by tall species (high CWM of Hmax)
were associated with higher carbon stocks, a pattern similar to those
observed in natural forests (Conti and Diaz, 2013; Finegan et al.,
2015). In cocoa AFS, the CWM of LMA was inversely correlated with
carbon stock increments because the acquisitive nature of AFS with
low LMA promotes faster plant growth and, consequently, carbon
stock accumulation from an early stage. The leaf N:P ratio also
emerged as a significant predictor, showing an inverse relationship
with carbon stocks, consistent with patterns observed in natural
forests (Finegan et al., 2015). In these cocoa AFS, the CWM of N:P
ratio is inversely associated with the CWM of LPC and Hmax
(according to the Spearman correlation, Appendix 6). High values of
CWM of N:P ratios were found when shade trees were dominant,
which raises carbon stocks, while low values of the CWM of N:P ratio
occurred when cocoa was more prevalent, resulting in lower carbon
stocks due to the reduced presence of shade trees. This explains why
functional dispersion (FDis) is also a key predictor, exhibiting an

I CWM Maximum potential Height

| CWM Leaf Mass per Area

] CWM Leaf N:P ratio

Functional Dispersion

|
| CWM Leaf Area
|

Shade

‘ Soil nutrients

| CWM Leaf Nitrogen Concentration

| CWM Leaf Dry Matter Content

| Soil texture

FIGURE 5

Scheme of the multiple regression models from the effect abiotic factors and functional diversity indices on ecosystem services. Blue lines represent
the significant covariation between independent variables and ecosystem services. The dashed line represents the significant relations with Multiple
Ecosystem Service Index, that also includes the potential provision from timber and fruit trees.
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inverse relationship with total aboveground carbon. When FDis is low,
traits are less dispersed and can be concentrated in specific functions
which are associated with greater carbon stocks.

The trait syndrome revealed in the models for the soil fertility
service indicates that resource-acquisitive plants, with higher CWM
LNC and lower CWM LDMC, were associated with higher soil fertility,
as expected from leguminous trees (Epihov et al., 2021), which have
strong representation in this functional group. In contrast, cocoa
presents the opposite trait profile, with lower LNC and relatively higher
LDMC. This result reflects that AFS incorporating shade trees with
dissimilar traits from cocoa contributes to improved soil functions,
which has been previously associated with resource complementarity
due to phylogenetic differences (Sauvadet et al., 2020b; Sauvadet et al.,
2020a) and dissimilarities in leaf litter traits (Sauvadet et al., 2020b;
Sauvadet et al,, 2020a) between cocoa and shade trees.

The models for cocoa yield exhibited a positive association with K, as
extensively documented in the literature (Hartemink, 2005). However, a
notable negative relationship was observed with FDis, suggesting that
agroforestry systems with contrasting functional traits tend to yield less
cocoa. This is expected: in cocoa AFS, cocoa stands out as the dominant
species, and a progressive dominance of shade trees (increase in FDis) can
affect cocoa’s ecophysiological processes, such as light availability and
disease incidence, impacting its productivity. Consequently, a system with
low FDis represents a system with cocoa predominance, and similar to
the low-complexity AFS groups described earlier, produces higher cocoa
yield per hectare. In this context, FDis serves as a surrogate for shade
cover or shade tree density and as an indicator of species interactions
within agroforestry systems. Furthermore, the negative relationship of
cocoa yield per tree with shade cover and CWM LA suggests that the
average yield of cocoa trees increases when shade levels are kept around
30% (Table 2), as reported by several studies (Somarriba et al., 2018; Blaser
etal, 2018; Ramirez-Argueta et al,, 2022), especially when controlling the
shade from plants with large leaf areas.

When evaluating the effect of functional diversity on multiple
ecosystem services—carbon storage, soil fertility, and provisioning of
cocoa and other AFS products through one single variable—the most
important predictors of multifunctionality in AFS were leaf traits,
including LNC, N:P ratio, and LDMC. According to the models for
individual environmental services, LNC and LDMC were linked to
soil fertility, and LNC and N:P were associated with carbon storage.
Provisioning, which includes cocoa yield as well as fruit and timber
tree densities, was associated with growth response traits, the same
traits that affect carbon storage. This trait syndrome suggests that AFS
can maximize multiple ecosystem services when they include
acquisitive shade tree species, with high LNC and low LDMC, and
when there is a dominance of shade tree species over cocoa, which is
expressed through a high N:P ratio profile. This can be expected when
the benefits from timber and fruit trees are utilized for provisioning.

We conclude that, in order to optimize specific ecosystem services,
it is advisable to design the AFS including species with functional
traits that contribute to the desired outcomes. For maximizing carbon
storage in AFS that are 5 to 15 years old, it is reccommended to have
low variability of functional traits (low FDis), predominantly
composed of tall trees (high Hmax), with high LNC, and low
LMA. The soil fertility can be increased when shade trees consist of
species with high LNC and low LDMC.

These findings suggest that cocoa production likely benefits from
factors such as adequate potassium levels, moderate shade cover, lower

Frontiers in Sustainable Food Systems

13

10.3389/fsufs.2024.1507555

densities of shade trees with large leaf area (CWM LA), and reduced
variability in functional traits (FDis), which is achieved by limiting the
dominance of acquisitive shade trees in AFS.

Our research indicates that AFS dominated by acquisitive species
with low LMA, LDMC, and N:P ratios, and high LNC and Hmax, are
associated with improvements in multiple ecosystem services.
Maintaining low trait variability, represented by a low FDis, through
selecting species that are predominantly linked to specific ecological
processes—such as enhancing carbon storage and increasing cocoa
yield—appears to promote multifunctionality in agroforestry systems
(AFS). While there is a potential tradeoff between ecosystem services
and cocoa productivity, a win-win scenario is likely to be achieved by
utilizing resources from timber and fruit trees. Achieving this balance
is especially effective when the shade provided by acquisitive species
is maintained at an appropriate level. These insights underscore the
importance of strategic selection of functional traits and trait-based
management in optimizing the multifunctionality of AFS.
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