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Abstract

Vertical canopy stratification generates strong microenvironmental gradients that shape plant
physiological performance and resource-use strategies. Yet, the mechanistic pathways linking canopy
structure, microenvironment, and trait-mediated responses remain poorly understood. In this study, we
investigated how direct and indirect effects of vertical environmental heterogeneity, vegetation
structure, and functional leaf traits regulates instantaneous water-use efficiency (WUEinst), CO;
assimilation rate (A) and transpiration rate (E) across four canopy strata in cacao agroforestry systems in
Bolivia. A total of 546 leaves from 24 tree species were measured under experimental field conditions
using wireless infrared gas exchange sensors. Leaf structural [Leaf area (LA), Specific leaf area (SLA)] and
functional traits [Relative water content (RWC), Stomata density (SD)] were also quantified. We applied
structural equation modelling to disentangle the mechanistic pathways regulating plant physiological
responses across vertical strata. Our results reveal clear functional niche differentiation along the
vertical canopy gradient. Upper-strata trees exhibited a resource-acquisitive strategy, characterized by
increased CO, assimilation that outpaced transpiration resulting in a high WUE;»s: under high
photosynthetically active radiation (PAR). In contrast, lower-strata trees are immersed in buffered
microenvironmental conditions, with stable humidity and temperature. Under low PAR, these trees
displayed a resource-conservative strategy, with reduced A and E and relatively constant WUEinst. While
LA and RWC increased with canopy height, SLA and SD remained stable, indicating functional
convergence of leaf traits supporting carbon gain and light tolerance in the upper strata. Overall, our
findings demonstrate that canopy stratification drives contrasting water-carbon use strategies through,

coordinated, trait-mediated responses to environmental gradients.

Keywords: Carbon-water interactions; Functional traits; Microenvironmental buffering; Structural

Equation Modelling; Theobroma cacao
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1. Introduction

The vertical vegetation structure is a fundamental organisational feature of forest (and agroforestry)
ecosystems (Lowman 2021). The presence of various vertical strata (defined by tree height) creates
environmental and ecological gradients that shape community species composition, functional plant
traits, and physiological activity (Baligar et al. 2021; Ge et al. 2022; Somarriba and Orozco-Aguilar 2018).
Along these gradients, canopy structure generates a vertical mosaic of microenvironments, ranging from
the sun-exposed upper stratum to the shaded understorey, which drives both inter- and intra-specific
variability in plant growth strategies (Coble et al. 2017; Ge et al. 2022), and resource use efficiency

(Lamour et al. 2023; Xing et al. 2023).

It is well established that crown position in the vertical vegetation structure determines the
microenvironmental conditions that tree leaves experience. Upper strata leaves are exposed to intense
photosynthetically active radiation, (PAR), higher temperatures and lower humidity, whereas
understorey leaves experience less PAR, higher relative humidity, and lower and thermally stable
conditions (Ge et al. 2022; Gonzales-Armas et al. 2024). Theoretically, these contrasting
microenvironmental conditions drive different selective pressures and trade-offs in the resource use
strategies of plants (Ntawuhiganayo et al. 2020; Zheng et al. 2025). For instance, species in the upper
stratum must deal with heat load and desiccation risk (Lowman and Schowalter 2012), potentially at the

cost of efficiency, whereas understorey species must adapt their light capture strategy (Li et al. 2023).

Microenvironmental heterogeneity across vertical strata plays a central role in the expression of leaf
traits related to gas exchange dynamics (Poorter and Bongers, 2006), including leaf area (LA, the entire
surface area of one-side leaf), specific leaf area (SLA, the ratio between leaf area and unity weight, a
measure of leaf thickness), relative water content (RWC), and stomatal density (SD, the number of

stomata per unit of leaf area) (Coble et al. 2017; Lamour et al. 2023). Leaves with low SLA and high SD
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(i.e., sun-adapted leaves) are better suited to withstand high PAR and high evaporative demand (Vinod
et al. 2023), whereas thinner leaves with high SLA (i.e., shade-adapted leaves) tend to be more efficient
under low-light conditions (Read and Stokes 2006; Yu et al. 2021). Yet, the mechanistic links between
leaf traits, and physiological performance, specifically on CO, assimilation rate (A), transpiration (E), and

instantaneous water-use efficiency (WUEi.st) remain unexplored.

Physiologically, while high transpiration (E) in the upper strata is often assumed to reduce WUEis (i.€e.,
the short-term ratio between CO; assimilation and transpiration rate at leaf level) due to the high
transpiration cost of preventing overheating (Baligar et al. 2021; Sun et al. 2023), plants may conversely
opt for “high performance” strategies in which CO, assimilation rate (A) outpaces water loss, thus
increasing WUEi,st. Conversely, shaded leaves in the understorey have lower E and A (“low physiological
performance”), supporting a comparatively more stable WUE;»s: (Cocoletzi Vasquez et al. 2022; Ge et al.
2022). Hence, the combination of environmental variation and morphological leaf traits across vertical
strata may drive differences in plant physiological performance, leading to carbon and water use

partitioning (Allen et al. 2024; Ray et al. 2024; Xing et al. 2023).

Cacao (Theobroma cacao L.) multi-strata agroforestry systems (Cocoletzi Vasquez et al. 2022; Jaimes-
Sudrez et al. 2022) offer a unique opportunity to test whether vertical vegetation structure drives

microenvironmental conditions, leaf traits, and plant physiology. Despite extensive research on cacao
shade management (Saavedra et al. 2020; Saj et al. 2025), few studies have simultaneously quantified

the direct and indirect causal pathways linking such variables across the vertical strata (Sun et al. 2023).

We used Structural Equation Modelling (SEM) to quantify both the direct and indirect pathways (Cheng
et al. 2022) linking microenvironmental conditions (Env), vertical vegetation structure (Vst), and leaf
traits (Tst) to physiological activity across four vertical strata in a long-term agroforestry trial in Bolivia

(Riegg et al. 2025). We framed our work within the “Vertical Niche Differentiation” hypothesis (Walter



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

1939; Laurans et al. 2014) which proposes that vertical vegetation structure in agroforestry systems

promotes carbon and water use partitioning across vertical strata (Lamour et al. 2023; Xing et al. 2023).

This study addresses a central question in plant ecophysiology: how does vertical canopy stratification
regulate plant physiology responses through interacting microenvironmental conditions and functional
traits? Despite the recognized importance of canopy stratification, the mechanistic pathways linking
canopy structure, microenvironment, traits and physiological functions remain poorly understood in
multi-strata agroecosystems. We hypothesized that: [1] microenvironmental conditions such as
temperature (Tmp) and humidity (Hmd), as well as functional leaf traits, such as LA, SLA, RWC, and SD,
differ between vertical strata in cacao agroforestry systems; [2] tree leaves in the high and emergent
strata (with high PAR, low Hmd) would exhibit a “resource-acquisitive” strategy with high SD, low LA, SLA,
and RWC, and high E, A, and WUEns; and [3] tree leaves in the low and middle strata with low PAR and
high Hmd) would exhibit a “resource-conservative” strategy, with high LA, SLA and RWC, and low SD, E, A
and WUEn. By integrating microenvironmental measurements, leaf functional traits, and physiological
processes within a structural equation modelling framework, this study provides a mechanistic basis for
understanding how vertical canopy complexity shapes plant ecophysiological responses and informs the
management of cacao agroforestry systems aiming to maximize carbon gain per unit of water used (Allen

et al. 2024; Ray et al. 2024).

2. Materials and methods

2.1. Study area and trial design

The study was conducted in the dry season of 2022, from April to November, at the Sara Ana Research
and Training Centre in the Alto Beni region, La Paz, Bolivia (altitude 380 m, 15°27'36.60” S, 67°28'20.65"
W) (https://systems-comparison.fibl.org/). The site is in the transition zone between the Andean

foothills and the Amazon lowlands. The local climate is humid tropical, characterized by a dry season
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from May to October and a rainy season from April to November. Long-term meteorological data (2013 -
2023) indicate an average annual rainfall of 163583 mm and a mean annual temperature of 27°C

(Riegg et al. 2025).

Launched in 2008, the “System Comparison trial” or SysCom trial, uses a randomized complete block
design to explore ecosystem services rendered by five distinct cacao cropping systems, including: [1]
conventionally (herbicide and synthetic fertilizer use) and [2] organically (manual weeding and compost
use) managed cacao monocultures (MC and MO, respectively); [3] conventionally and [4] organically
managed cacao agroforestry systems (AFC and AFO, respectively); and [5] dynamic cacao agroforestry
systems (DAF) managed without inputs, neither organic nor conventional. Each block comprises one plot
of each one of the five cropping systems, and each plot including 12 cacao genotypes (Riegg et al.
2025). The entire trial is composed of 20 plots, each sized 48 x 48 m (2304 m?) with a 24 x 24 m (576 m?)

sampling, central area (Annex 1).

2.2. Plot description and selection of species

This study included only the three agroforestry systems (AFC, AFO, and DAF) and their four replicates,
totalling 12 plots. All plots exhibited a uniform cacao planting density of 625 trees ha (4 mx4 m) and a
coffee density of 1250 trees ha. The total shade tree density averaged 170 trees ha in the AFC and

AFO, and 620 tree ha® in the DAF (Riiegg et al. 2025; Saj et al. 2025).

The three agroforestry systems feature a complex vertical vegetation structure and rich diversity of tree
species. The vertical vegetation is structured in four vertical strata (i.e., low, middle, high and emergent;
Annex 3). Each species is assigned to a specific canopy stratum based on its practical role. For instance,
timber tree species, such as Swietenia macrophylla and Myroxylon balsamum, dominate the high and
emergent strata. Nitrogen-fixing tree species, such as Inga spp. and Erythrina spp., prominent in AFC and

AFO, and dominate the high or emergent strata. Fruit tree species, such as Citrus spp., Garcinia humilis,
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Nephelium lappaceum, and Theobroma grandiflorum, populate the middle stratum. Theobroma cacao
and Coffea arabica cv. typica, occupy the lower stratum (with coffee being interplanted with cacao and
its maximum height maintained just below the base of the cacao crown). Cacao and coffee pruning
follow a species-specific pruning schedule, while shade tree species are pruned according to the cacao
annual physiological cycle (Saj et al. 2025). For this study, we selected the five best-yielding cacao
genotypes from the trial (Il 13, 111 06, lla 22, TSH 565, and ICS 1), one shrub (Coffea arabica), and 18 of

the most cultivated tree species in the study region (Annex 2).

2.3. Data collection

Data collection was conducted in April, August and November 2022, two months after the last pruning
of the high and emergent canopy strata and one month after the pruning of cacao trees. Adult trees in
each AFC, AFO and DAF system were selected for measurements. From each tree, we selected one
mature and healthy leaf from the top of each tree's crown. While taking care not to detach the leaf from
the plant, we placed the selected leaf inside a transparent 3 L plastic container fitted with infrared
wireless sensors synchronized via Bluetooth to a portable datalogger (SPARK LX,
https://www.pasco.com/products; Saavedra et al., 2020). This setup enabled real-time measurement of
PAR, Tmp, Hmd, A and E over a five-minute period. Following measurement, leaves were detached from
the branch and transported to the laboratory for trait analysis. To reduce variability caused by cloud
cover, we avoided data collection on rainy days or when leaves were wet (Saavedra et al. 2020). Data
from the five-minute intervals were averaged to produce leaf-level values. In total, measurements were
recorded from 546 leaves from 24 tree species, in four replicates of three agroforestry systems (AFC,

AFO, and DAF).

2.3.1. Microenvironmental conditions
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A PASCO Wireless Weather Sensor (PS-3209, https://www.pasco.com/products) was used to measure
PAR, 0 to 2400 umol/m?/s, Tmp (0.2 °C), and Hmd (+2%) outside the plastic bag, immediately before

placing the sensor inside the plastic bag (Saavedra et al. 2020).

2.3.2. Physiological activity measurements

For physiological measurements, the same infrared wireless weather sensor (PS-3209,
https://www.pasco.com/products) was used to record absolute air humidity, which is an indicator of E.
Additionally, a wireless CO; sensor (PS-3208, https://www.pasco.com/products), calibrated to 400 ppm,
monitored A. To calculate hourly transpiration and CO; assimilation rate per leaf area, the raw data
were divided by leaf area (cm?) and multiplied by 3600 seconds (Pipitsunthonsan et al. 2018; Saavedra
et al. 2020). At the leaf level, WUE;.: was estimated as the ratio of CO; assimilation to water vapor loss

(Farguhar and Richards 1984; Medrano et al. 2015).

2.3.3. Leaf traits measurements

Four key functional leaf traits were measured: [1] Leaf Area (LA, cm?), defined as the one-sided
projected surface area of the leaf (Pérez-Harguindeguy et al. 2013); [2] Specific Leaf Area (SLA, cm? g?)
describes the leaf area per unit of dry leaf biomass (Torrez et al. 2013); [3] Relative Water Content
(RWC, g g'1), which measures the relative amount of water in a leaf compared to its biomass and is often
used as an indicator of plant water status (Afzal et al. 2017); and [4] Stomatal Density (SD, number of
stomata per leaf area in mm™), and is involved in water flow and gas exchange (Lebrija-Trejos et al.

2010).

We measured LA and SLA following the protocol described by Pérez-Harguindeguy et al. (2013), which
involved drying leaves for two days in an electric dryer at the Herbario Nacional de Bolivia. Dried leaves
were then scanned, and leaf area was estimated using the ImagelJ software. Stomatal density was

assessed by creating transparent nail polish impressions of the leaf cuticle (Brewer 1992).
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Microphotographs of these impressions were taken with a 40x trifocal optical microscope equipped with
a UCMOS 03100 KPA camera. Stomata were counted using OMAX TopView 3.7 software (Daymond et al.
2011). For RWC, fresh leaf mass was measured in the field and dry mass in the laboratory. Relative

water content was calculated following the protocol described by Afzal et al. (2017).

2.4. Statistical analysis

2.4.1. Database preparation

The dataset comprised 11 variables measured in 546 trees (Table 1, Figure 1), including five cacao
genotypes, coffee, and 18 tree species (Annex 2) in 12 plots (three agroforestry systems, each replicated
four times). As predictor variables, we used the following: [1] microenvironmental conditions (Tmp and
Hmd), [2] functional leaf traits (LA, SLA, RWC, and SD), and [3] vertical vegetation structure [PAR, and
one new, derived variable: (a) vertical strata (Str), representing the number of vertical strata categorised
into four height classes to describe canopy complexity (Annex 3)]. As response variables, we used: E (Lin

et al., 2010), A (Baligar et al. 2021), and WUEin: (Medrano et al. 2015).

Outliers (a few) were identified and removed. Non-collinearity between the predictor variables was
assessed using Pearson’s correlation tests. After these quality checks, the variables were transformed as
needed using a Box-Cox power transformation to improve normality and reduce heteroscedasticity (Box
and Cox 1964). Variable transformations were estimated using maximum likelihood for each predictor.
Subsequently, the variables were standardised to a zero mean and unit variance to ensure scale
comparability and stable model estimation. These steps improve parameter interpretability and

convergence in multivariate SEM frameworks (Schielzeth 2010).

2.4.2. Defining vertical vegetation structure

Vertical strata were defined using a data-driven approach based on change-point detection. Specifically,

the ordered distribution of maximum tree size was analysed using mean change-point detection

10
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implemented in the change point package in R, applying binary segmentation with three predefined
change points (Killick and Eckley 2014). The resulting thresholds were used to classify individuals into
four vertical strata differing in botanical composition and species-specific population density (i.e., low,

middle, high, and emergent):

1. The low stratum (ranging from 1.2—-4.6 m) was dominated by Coffea arabica, five genotypes of
Theobroma cacao (111 13, 111 06, lla 22, THS 565, ICS 1), Theobroma grandiflorum and Nephelium
lappaceum.

2. The middle stratum (4.6—7.5 m) was represented by four cacao genotypes (11 13, Il 06, Ila 22,
ICS 1), Garcinia gardneriana, Averrhoa carambola, Cedrela fissilis, Salacia macrantha,
Theobroma grandiflorum, Mangifera indica, Nephelium lappaceum, Amburana cearensis, and
Guarea guidonia.

3. The high stratum (7.6-11.5 m) was composed of Erythrina fusca, Swietenia macrophylla, and
two species of Inga spp.

4. The emergent stratum (11.5-16 m) contained Erythrina fusca, Centrolobium microchaete, two
species of Inga spp., Stryphnodendron purpureum, Swietenia macrophyla and Myroxylon
balsamum. The number of trees and species richness within each stratum are summarised in
Annex 3.

2.4.3. Structural Equation Modeling (SEM)

A conceptual structural equation model (SEM) was developed to quantify the relative contributions of
direct and indirect relationships (Fan et al. 2016; Ray et al. 2024) linking latent variables, such as
microenvironmental variables (Env), vegetation structure (Vst), and functional leaf traits (Trt), to tree
physiological processes (Figure 1). The model assumed that Env, defined by observed variables (Tmp and
Hmd), exerts direct effects on Vst, characterized by (PAR and Str) and on Trt, including (LA, SLA, RWC,

and SD). These factors indirectly influence plant leaf physiological activity (WUEins, A, and E). We

11
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proposed that Vst and Trt have direct (one-way) effects on WUEinst, A, and E, while assuming reciprocal

(two-way) interactions between Vst and Trt.

SEMs were fitted using robust maximum likelihood estimation (MLR) to account for potential deviations
from multivariate normality (Maydeu-Olivares 2017). The model specification tested the vegetation
structure and leaf trait as latent variables on physiological responses (WUEinst, A, and E), with the
microenvironment designated as an exogenous latent predictor. Measurement models were fitted

simultaneously to define the relationships between latent constructs and their observed indicators.

Model performance was evaluated using standard fit statistics, including the Comparative Fit Index (CFI)
and Root Mean Square Error of Approximation (RMSEA) (Fan et al. 2016). The results included
standardised path coefficients and factor loadings, for each latent variable and observed indicator. SEM

analyses were conducted using the R package “lavaan” (Rosseel 2012) (v.0.6-19).

2.4.4. Linear mixed models

We used Linear Mixed Models (LMMs) to analyse the effects of predictor variables (vegetation
structure, leaf traits, and microenvironment) on response variables (WUEins, A, and E), aiming at
identifying patterns across vertical strata. For each response variable and vertical stratum, we
constructed a full LMM including all predictor variables identified in the SEM as fixed effects, with
species included as a random effect. Reduced or best models were derived by model simplification using
the dredge function from the “MuMIn” package in R (Barton 2022). Model selection was based on
comparisons of the corrected Akaike Information Criterion (AIC) (Symonds and Moussalli 2011),
considering the simplest model among all models within 2 AIC units of the best-fitting model as equally

plausible (Annex 4) (Burnham et al. 2011).
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Additionally, to compare study variables between vertical strata, we used B-coefficients with 95% ClI
from Linear Models (LM), setting the significance threshold at 0.05. All analyses were performed using R

statistical software version 4.5.2 (R Core Team, 2019).

3. Results

3.1. Factors influencing water use efficiency, CO;, assimilation, and transpiration

3.1.1. Model fit and evaluation metrics

The fitted SEM models showed comparable global fit indices. These model indices indicate moderate but
not optimal fit, suggesting that while the specified SEM frameworks capture important relationships,
notable residuals remain unexplained. For WUE;,s: RMSEA values were 0.168 (90% Cl [0.157-0.179]) and
CFl=0.717. For A, RMSEA values were 0.171 (90% Cl [0.160—0.182]) and CFl = 0.718. Finally, for E,
RMSEA was 0.180 (90% Cl [0.180—-0.192]) and CFl = 0.704. In all models RMSEA exceed the commonly
recommended cut-off of 0.06 for good fit and CFl values between 0.70 and 0.71 fall short of the widely
accepted thresholds of 0.90 or higher for adequate fit. Such results suggest that additional pathways or
nonlinear effects should be considered to improve model performance. Nonetheless, the internal
consistency of the measurement components and the consistency of patterns across physiological

processes support the substantive insights drawn from the models.

3.1.2. Comparative analysis

Across all fitted SEM models (Table 1, Figure 2), microenvironmental variables (temperature, [Tmp], and
humidity, [Hmd]), vegetation structure (Photosynthetically Active Radiation [PAR], and vertical strata
[Str]), and leaf traits (Leaf Area [LA]; Specific Leaf Area [SLA]; Relative Water Content [RWC]; and
Stomatal Density [SD]) consistently emerged as significant predictors of plant physiological performance.
Vertical strata (Str) showed uniformly strong positive effects on instantaneous water-use efficiency
(WUEinst), CO; assimilation rate (A), and transpiration rate (E), highlighting their role as a major

determinant of physiological activity and leaf traits. However, differences between models revealed

13
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functional trade-offs. For instance, WUEins: benefited from vertical vegetation structure under
favourable microenvironmental conditions, CO; assimilation responded primarily to both structural and

leaf trait characteristics, while the transpiration rate was more sensitive to trait constraints (Figure 2).

3.1.3. Structural Equation Model for WUEiqst

SEM for WUEins: described a network of positive direct and indirect effects linking leaf trait factors and
vegetation structure to physiological responses. The strongest associations included significant positive
effects of vertical strata gradients with standardised coefficients above 0.8 while microclimate (Tmp)
reach it 0.70 on WUE;.t. RWC had a strong positive effect, whereas SD and SLA showed weaker positive
and negative influences, respectively (Table 1). Microenvironmental variables exhibited variable and
occasionally negative effects (Hmd), indicating potential trade-offs between CO, assimilation and water

conservation. A positive effect (0.51) was found between vegetation structure and leaf traits (Figure 2a).

3.1.4. Structural Equation Model for CO; assimilation

The CO; assimilation model underscored vegetation structural complexity and leaf traits as dominant
drivers, with standardised path coefficients nearing 0.85 on key paths. LA and RWC exerted strong
positive dominant influences, and SLA and SD maintained low negative and positive relationships with
CO; assimilation, respectively (Table 1). Microenvironmental variables (Hmd and Tmp) showed
contrasting facilitative and limiting effects, reflecting their dual role in carbon uptake. This model
emphasised the effect of the vertical vegetation structure on CO; assimilation. The correlation between

vegetation structure and leaf traits was 0.76 (Figure 2b).

3.1.5. Structural Equation Model for Transpiration rate
The transpiration model highlighted the constraining role of leaf traits in controlling water loss. Leaf trait
attributes and vertical strata displayed strong positive path coefficients (> 0.70) influencing

transpiration. RWC had a strong positive effect, whereas SD and LA showed a weaker positive effect,

14
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and SLA had negative effects (Table 1). Hmd presented more variable negative paths, suggesting water
conservation and carbon assimilation trade-offs under varying microclimatic conditions. Vegetation

structure and leaf traits were correlated at 0.49 in this model (Figure 2c).

3.2. Effects of microenvironment, vegetation structure, and leaf traits on physiological activity across

vertical strata

We observed turnover in the predictor variables influencing the three physiological processes studied.
Across all models and strata, PAR and Hmd consistently had significant effects. In the low and middle
strata, microenvironmental factors (PAR and Hmd) affected WUEi,st, whereas PAR and leaf traits (LA, SLA
and RWC) were the dominant drivers in high and emergent strata (Table 2, Figure 3). For CO;
assimilation, leaf traits (LA, SLA and SD) were the primary drivers in the low and middle strata, whereas
LA dominated across all strata (Table 3, Figure 4). For transpiration, the microenvironment (Hmd) and
leaf traits (LA) drove water loss at low to high strata, with LA as the main driver in the emergent stratum

(Table 4, Figure 5).

3.3. Changes in microenvironment, vegetation structure, leaf traits and physiological activity by

vertical strata

With contrasting patterns, physiological variables WUEi.s: and E, reacted for two different strata groups:
low and middle against high and emergent strata. No significant differences were observed between
strata for CO; assimilation. PAR exhibited a positive increase with tree height. Humidity and temperature
remained consistent across strata. LA and RWC displayed positive increase with vertical strata, whereas

SLA and SD remained stable (Figure 6).

4. Discussion
Our SEMs revealed a strong positive correlation between vegetation structure and leaf traits across all
physiological components, indicating that the structural heterogeneity of the vertical strata promotes
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niche and resource use partitioning within the canopy, as was found in previous studies (Xing et al.
2023). However, the moderate model fit indices (RMSEA = ~0.17) reflect potential unmodelled
complexity (Hu and Bentler 1999; Kline 2023). This suggests that additional latent variables such as leaf
age and longevity (Miyaji et al. 1997), branch hydraulic architecture (Meinzer et al. 2008) or biochemical
composition are likely to contribute to the physiological responses observed (Kline 2023; Sun et al.
2023). Thus, while our conceptual framework captures major causal drivers, physiological dynamics are
governed by a broader set of interacting environmental and functional mechanisms that have not yet
been studied (which may be influenced by the regular tree pruning undertaken in the trial; Saj et al.

2025).

We prioritised a theoretical model structure based on established ecophysiological frameworks over
post-hoc modifications solely to improve statistical fit. Furthermore, gas exchange measurements were
conducted using portable field sensors (PASCO). While these allowed for extensive sampling coverage
(546 trees) critical for community-level analysis, they may have lower sensitivity at low photosynthetic
rates compared to high-precision benchtop infra-red gas analyser. However, our focus was on relative
differences and functional trends across strata rather than absolute physiological parameterisation. The
consistency of our PAR-response curves with literature values (e.g., Baligar et al. 2021) supports the

robustness of the comparative patterns observed.

4.1. Vertical vegetation structure as a driver of physiological niche differentiation

Our study shows that the vertical vegetation structure of the agroforestry canopy acts as a fundamental
driver of physiological functioning, creating distinct ecological niches ruled by the interplay between
microclimatic conditions and plant functional traits (Laurans et al., 2014). The strongest driver of
physiological variation was photosynthetic active radiation (PAR), which increased with tree height and

drove different responses in A, E, and WUEnt across vertical strata, consistent with patterns reported by
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Vinod et al. (2023). Although PAR’s influence on A and E is well known in tropical trees (Baligar et al.
2021; Lamour et al. 2023), our results show that PAR alone is insufficient to enhance carbon gain at the
highest canopy positions, where evaporative demand increases water loss and WUEinst (De Pauw et al.
2022). Leaf traits such as LA and RWC, which were clearly differentiated across strata, reflect strong
vertical plasticity, whereas SLA and SD remained constant across vertical strata. This finding aligns with
vertical niche differentiation theory (Poorter 2007) indicating that understorey plant species (such as
cacao) reduce carbon gain to preserve water status under low light availability by developing a
“resource-conservative” strategy (Cocoletzi Vasquez et al. 2022) and reinforcing their classification as
shade-tolerant species (Baligar et al. 2021). In contrast, dominant canopy trees function as “resource-
acquisitive”, supporting their classification as sun-light demanding species (Sun et al. 2023; Yu et al.

2021).

4.2. Physiological response to microenvironmental conditions

Contrary to the theory that high radiation loads in tropical canopies induce physiological stress and
reduce water use efficiency (Mulkey et al. 1996), our results revealed that trees in the high and
emergent strata exhibited significantly higher WUE;ns: than those in the lower strata. This finding
challenges the paradigm that WUE decreases under high evaporative demand (VPD, that measure the
drying power of the air) and low humidity (Gonzales-Armas et al. 2024; Hatfield and Dold 2019). Instead,
it highlights a mechanism of vertical niche differentiation (Poorter 2007), in which dominant canopy
species such as Centrolobium microchaete and Erythrina spp., act as resource-acquisitive species.
Although these tree species exhibited high E driven by exponential increases in PAR, their
photosynthetic machinery was sufficiently robust to maximize A at a rate that outpaced water loss, a
finding consistent with recent studies (Gonzales-Armas et al. 2024; Wu and Wang 2024). This capacity to

maintain high A under high PAR suggests that emergent species possess high carboxylation capacities
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(Rozendaal et al. 2006) and are adapted to exploit the abundant solar energy of the upper canopy,

rather than merely tolerating it (Baligar et al. 2008).

In contrast, the low and middle strata appear to function as a “sheltered niche” defined by a decoupling
of the PAR and thermal environments. A critical finding of this study was the relative stability of Tmp
and Hmd across the vertical strata, despite the steep gradient in PAR. This indicates that the multi-strata
canopy acts as an effective microclimatic buffer (Niether et al. 2020), protecting the understorey species
from the hydraulic stress associated with high temperatures and VPD (Gonzéales-Armas et al. 2024). In
this buffered environment, understorey species adopt a “resource-conservative” strategy. Limited by
light availability, these species prioritise persistence and hydraulic safety over maximum carbon gain,
maintaining lower but stable physiological rates (Almeida and Valle 2007; Lahive et al. 2019). This
physiological divergence aligns with the “leaf economics spectrum” (Reich and Flores-Moreno 2017;
Wright et al. 2004), placing upper-canopy trees at the quick-return end of the spectrum and understorey
species at the slow-return end. Furthermore, these patterns support the “environmental filtering”
hypothesis regarding community assembly (Sommer et al. 2014). The upper canopy acts as a severe
abiotic filter, subjecting plants to high radiation and atmospheric demand. The observation that
emergent species, despite their taxonomic diversity, converged on a similar strategy of high WUEinstand
maintained stable morphological traits (SLA and SD) suggests functional convergence. These species
appear to have evolved a shared set of sun-adapted strategies necessary to maintain hydraulic integrity
in an unbuffered environment (Poorter et al. 2007). Conversely, the environmental buffering observed
in the lower strata reduces these abiotic selective pressures. This functional moderation allows the
understorey community to diverge from the strict hydraulic requirements of the canopy top, facilitating
the coexistence of species with traits for shade tolerance and nutrient conservation rather than stress

resistance (Daymond et al. 2011).

4.3. Leaf trait effects on plant physiology
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A key insight from our study is that trait adjustment did not fully match the microenvironmental niches
created along the vertical vegetation structure. SLA and SD remained relatively constant across vertical
strata, in contrast to other shade-tolerant species, where these traits display strong vertical plasticity (Yu
et al. 2021; Coble et al. 2017). In contrast, LA and RWC were clearly differentiated along vertical strata,
reflecting leaf-level hydraulic adjustments that support turgor maintenance under high VPD conditions
(Ntawuhiganayo et al. 2020, Read and Stokes 2006). Thus, in our case, plants appear to rely more on
hydraulic buffering than on modifying tissue density or gaseous diffusion capacity to cope with vertical

microclimatic stress.

The contrasting responses observed in WUEis: and E between the low and middle versus the high and
emergent vertical strata reveals a strong hydraulic trade-off, that improves carbon acquisition at the
expense of water conservation at high and emergent strata. A similar trade-off has been reported in
vertically structured forests where higher light intensities facilitate carbon uptake but impose water-loss
under high evaporative demand (Ge et al. 2022; Hatfield and Dold 2019). Our SEM results further
demonstrate that microenvironmental stress gradients are the primary cause of this divergence, as
humidity exerts significant positive effect on E and WUEin in the high and emergent strata. These
results support mechanistic frameworks describing how the microclimate shapes leaf-level energy

balance and water use in multi-strata vegetation systems (Lamour et al. 2023).

Surprisingly, CO; assimilation did not vary significantly across vertical strata, despite sharp changes in
PAR and humidity. This decoupling suggests that carbon assimilation reaches a physiological threshold
under shade conditions beyond which additional radiation provides no substantial photosynthetic
benefit (Amissah et al. 2015). This could be explained by biochemical limitations such as Rubisco
activation and chloroplast density, typical in shaded leaves (Baligar et al. 2021). A similar pattern of CO,

assimilation rate across vertical strata has been observed in other understorey species under chronic
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light limitation (Ray et al. 2024). This finding underscores the understorey conservative carbon-use

strategy and may explain the limited trait plasticity in SLA and SD.

Interestingly, physiological rates (A, E, and WUEinst) and some leaf traits, such as LA and RWC, showed
clear changes along the vertical vegetation structure. In contrast, both SLA and SD remained relatively
stable across the vertical strata. These results contrast with classical ecological theory, which predicts
that sun leaves (upper canopy) should be thicker (lower SLA) and have higher stomatal density than
shaded leaves (Wright et al. 2004). The stability of SLA in this system may be driven by species turnover
rather than by intraspecific plasticity. The change in species composition from broad-leaved species in
the understorey to legume-like leaves in the overstorey might result in a convergence of functional
traits. Alternatively, it suggests that the buffered microclimate in these multi-strata systems reduces the
selective pressure for distinct anatomical modifications typically seen in harsh, open environments

(Rozendaal et al. 2006).

4.4. Implications for agroforestry design and management

Overall, this study provides the first empirical evidence for distinct, physiologically-defined, species
groups across strata in cacao agroforestry systems, showing that high and emergent trees operate under
water-loss conditions with increased efficiency, whereas low and middle strata maintain a more
favourable balance between carbon gain and water loss. These findings offer a novel mechanistic
understanding of physiological activity in complex vertical environments and contribute to a growing
body of evidence showing that microclimatic heterogeneity, structural characteristics, and leaf traits
fundamentally shape ecophysiological performance in tropical agroforestry systems (Allen et al. 2024;

Cocoletzi Vasquez et al. 2022).

The confirmation that upper-canopy trees function as highly efficient carbon sinks rather than mere

competitors with the crops in the understorey, supports the need for a productive emergent stratum.
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Our findings indicate that maintaining high-efficiency, timber or N-fixing species in this stratum is critical

for preserving hydraulic protection and system-level carbon gain.

Simultaneously, the management (regular and intensive pruning and lopping) of the middle stratum to
facilitate light penetration allows for adequate photosynthesis, flowering and yield production of the
crop species in the low stratum (cacao and coffee) without disrupting the microclimatic buffering that
protects the understorey from drought (Saj et al. 2025). This validates the multifunctional species
management as an effective strategy for climate-resilient agroforestry, balancing the trade-off between
sustainability and stress resilience in the face of changing climatic conditions (Keprate et al. 2024).
Additionally, these physiological insights provide a mechanistic interpretation of the need and effects of
canopy management strategies, such as pruning and lopping, tested in the SysCom trial (Saj et al. 2025;
Rlegg et al. 2025). Pruning may influence carbon and water use strategies, with direct effects on crop
productivity and resource use efficiency. More research is needed to assess such potential effects

(Forrester et al. 2012; Maurin and DesRochers 2013).

5. Conclusion

Our study argues that vertical vegetation structure in cacao agroforestry systems is driven by distinct
carbon and water use strategies, which are primarily modulated by PAR-humidity gradients and
hydraulic traits (LA, RWC). A distribution resource-acquisition strategy was identified, where shaded
lower-strata trees maintained conservative water use, whereas sun-exposed upper-strata trees
prioritised carbon acquisition despite higher water loss. Despite the capacity of LA and RWC to adapt to
the microclimate, the limited plasticity of SD and SLA suggests that the canopy functions as a buffer
against extremes, thereby promoting trait differentiation. The findings of the structural equation
modelling indicated that the vegetation structure may exert a significant influence on physiological

pathways. However, the moderate model fit suggests the need for future research to identify and
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481 incorporate additional factors (such as leaf age and hydraulic architecture, both potentially influenced
482 by pruning) that would improve the fit of these models. Overall, our results clarify how canopy spatial
483 heterogeneity can regulate tree physiology in multi-strata agroforestry systems, highlighting vertical

484  niche differentiation as a potential fundamental driver of the functioning of these agro-ecosystem.
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Tables

Table 1 Standardised factor loadings and significance levels (p-values) of observed variables for the

three structural equation models. Bold values indicate statistically significant loadings (***: p < 0.001;

**.p<0.01; *: p<0.05; °: p <0.07). WUEnst = Instantaneous water-use efficiency, A = CO, assimilation

rate, E = Transpiration rate, PAR = Photosynthetically active radiation, Str = Vertical strata, LA = Leaf

area, SLA = Specific leaf area, RWC = Relative water content, SD = Stomatal density, Tmp = Air

temperature and Hmd = Relative air humidity (Conceptual model in Figure 1).

Latent variable Observed indicator ~ WUEins: A E
Vegetation Structure (Vst) 0.309 *** .0.480 *** 0.174 ***
PAR 0.707 *** 0.707 *** 0.707 ***
Str 0.826 *** 0.850 *** 0.799 ***
Env 0.004 0.546 **  0.080
Traits (Trt) 0.129 *** -0.650 *** -0.510 ***
RWC 0.707 *** 0.487 *** 0.707 ***
LA 0.530 0.489 *** (.551
SLA -0.075 -0.177 *** -0.010
SD 0.021 -0.028 0.024
Env -0.042 -0.666 ** -0.120 °
Microenvironment (Env) Tmp 0.707 *** 0.453 *** (0,709 ***
Hmd -0.454 *** .0.480 *** -0.460 ***
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713

Table 2 Comparison of best linear models for Instantaneous water use efficiency (WUEinst) by vertical

strata. Hmd = Relative air humidity, PAR = Photosynthetically active radiation, LA = Leaf area, SLA =

Specific leaf area and RWC = Relative water content. Significant t-values are followed by ***: p < 0.001;

**.p<0.01; *: p<0.05.

Estimate Std.Error D.f. t-value

WUE;nst — Low stratum (R2marginal = 0.19)

Intercept -0.361 0.104 15.93 -3.439 **

Hmd 0.268 0.044 231.2 6.031 ***
PAR 0.293 0.080 132.6 3.647 ***
SLA 0.306 0.078 224.12 3.929 ***

WUE;ns: — Middle stratum (R?marginal = 0.06)
Intercept -0.247 0.084 120 -2.937 **
Hmd 0.193 0.091 120 2.121 *
PAR 0.269 0.110 120 2.438 *

WUE;i.: — High stratum (R?marginal = 0.19)

Intercept  0.041 0.174 14.15 0.241

PAR 0.241 0.098 110.36 2.455 *
LA 0.616 0.162 63.3 3.797 ***
SLA -0.250 0.093 124.11 -2.685 **
RWC -0.294 0.149 12483 -1.969 *

WUE;s: — Emergent stratum (R? marginal = 0.08)

Intercept 0.857 0.105 64  8.146 ***
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714  Table 3 Comparison of linear models for CO; assimilation rate (A) by vertical strata. Hmd = Relative air
715 humidity, Tmp = Air temperature, PAR = Photosynthetically active radiation, LA = Leaf area, SLA =

716  Specific leaf area and SD = Stomata density. Significant t-values are followed by ***: p < 0.001; **: p <
717 0.01; *: p < 0.05.

718

Estimate Std.Error. D.f. t-value

A - Low stratum (R?marginal = 0.21)

Intercept -0.151 0.103 8.74 -1.463

PAR 0.336 0.062  138.84 5.349 ***
LA -0.429 0.104 99.89 -4.113 ***
SD 0.200 0.079 25.60 2.534 *

A - Middle stratum (R? marginal = 0.35)

Intercept -0.224 0.166 12.33 -1.347

Hmd -0.207 0.079  113.03 -2.598 *
LA -0.389 0.125 3492 -3.100 **
SLA -0.245 0.098 61.57 -2.499 *

A - High stratum (R?marginal = 0.40)

Intercept -0.133 0.409 8.65 -0.327

Tmp 0.138 0.065 113.13 2.098 *
LA -1.138 0.165 101.78 -6.884 ***
SD -0.281 0.143  124.85 -1.964 *

A — Emergent stratum (R?marginal = 0.53)
Intercept  0.943 0.155 64 6.051 ***

LA -0.980 0.116 64  -8.446 ***




719  Table 4 Comparison of linear mixed models for Transpiration rate (E) by vertical strata. Hmd = Relative
720  air humidity, PAR = Photosynthetically active radiation, LA = Leaf area and SLA = Specific leaf area.

721  Significant t-values are followed by ***: p < 0.001; **: p <0.01; *: p < 0.05.

722
Estimate Std.Error D.f. t-value

E — Low stratum (R?marginal = 0.34)
Intercept -0.094 0.182 10.51 -0.517
Hmd -0.201 0.029 227.71 -6.947 ***
PAR 0.157 0.057 235.83 2.742 **
LA -0.823 0.102 169.03 -8.004 ***

E — Middle stratum (R?marginal = 0.53)
Intercept -0.065 0.144 15.95 -0.456
Hmd -0.300 0.079 11535 -3.776 ***
LA -0.608 0.115  34.87 -5.285 ***
SLA -0.220 0.092 65.79 -2.378 *

E — High stratum (R?marginal = 0.53)
Intercept -0.198 0.318 9.22  -0.622
Hmd -0.159 0.043 113.1 -3.687 ***
LA -1.165 0.121 111.41 -9.579 *#**

E — Emergent stratum (R?marginal = 0.64)
Intercept 0.296 0.116 64 2.544 *
LA -0.936 0.086 64  -10.791 ***
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Figures

Figl.jpg. Schematic representation of the effects of the microenvironment (Env), Leaf traits (Trt) and

Vegetation structure (Vst) on Instantaneous water-use efficiency (WUEinst), CO, assimilation rate (A), and

Transpiration rate (E) across four canopy strata. Hmd = Relative air humidity, Tmp = Air temperature,

PAR = Photosynthetically Active Radiation, Str = Vertical strata, LA = Leaf area, SLA = Specific leaf area,

RWC = Relative water content and SD = Stomata density.
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737

Fig2.eps. Comparison of direct and indirect effects of Microenvironmental variables (Env), Vegetation structure (Vst) and Leaf traits (Trt) on: a)
Instantaneous water-use efficiency (WUEinst), b) CO; assimilation rate (A) and c) Transpiration rate (E). Bold full lines show significant
relationships, dashed lines show the intercepts in the models, non-bold lines represent non-significant variables. Green represents positive

effects and red negative ones. Significant (***: p < 0.001; **: p <0.01; *: p < 0.05).
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738  Fig3.tiff. Linear relationships between PAR = Photosynthetically active radiation, Hmd = Relative air
739 humidity, LA = Leaf area, SLA = Specific leaf area, and RWC = Relative water content (as predictor
740  variables) with Instantaneous water-use efficiency (WUEinst) (as response variable) across the four

741  vertical strata. Significant (***: p <0.001; **: p < 0.01; *: p < 0.05).
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747

Figd.tiff. Linear relationships between Tmp = Air temperature, Hmd = Relative air humidity, PAR =

Photosynthetically active radiation, LA = Leaf area, SLA = Specific leaf area and SD = Stomata density (as

predictor variables) with CO; assimilation rate (as response variable) across the four vertical strata.

Significant (***: p < 0.001; **: p < 0.01; *: p<0.05).
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752

Fig5.tiff. Linear relationships between Hmd = Relative air humidity, PAR = Photosynthetically active

radiation, LA = Leaf area, and SLA = Specific leaf area (as predictor variables) with Transpiration rate (as

response variable) across the four vertical strata studied. Significant (***: p < 0.001; **: p<0.01; *: p<

0.05).
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759

Fig6.tiff. Beta coefficients from Linear Models (LM) of physiological, microenvironmental, and leaf trait

variables compared across the four vertical strata. WUEins: = Water use efficiency, E = Transpiration rate,

A = CO; assimilation rate, PAR = Photosynthetically active radiation, Hmd = Relative air humidity, SD =

Stomatal density, RWC = Relative water content, LA = Leaf area and SLA = Specific leaf area.

Four vertical strata

Study variables

Low
Medium
High

Emergent

Low
Medium
High

Emergent

Low
Medium
High

Emergent

WUEinst E A

| I |

00 05 10 15 10 -05 0.0 -02 00 02 04
PAR Hmd SD

l
00 05 10 15 02 00 02 04 06 1.25-1.00-0.75-0.50-0.250.00

RWC LA SLA

00 05 10 15 05 00 05 10 15 10 05 0.0

42



760
761
762
763
764

Total number of words (including references): 9538
Total number of words (excluding references): 7494
Abstract number of words: 250

Number of words in Supplementary Information: 1319

43



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupplementarymaterialFinal.docx


https://assets-eu.researchsquare.com/files/rs-10351121/v1/0af07390b112a3de03bee826.docx

