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Objectives of thesis

African tropical forests are crucial for biodiversity conservation and carbon storage, yet'they remain understudied,
particularly in terms of the ecological processes that govern their structure-and functioning. These forests are
influenced by complex environmental factors such as climate variability, soil moisture, and nutrient availability, all
of which play significant roles in“shaping species diversity,-competitive-interactions, and biomass growth.
Understanding how these environmental drivers influence forest dynamics is vital for predicting the long-term
stability and resilience of these ecosystems, especially in the face of global climate change. While recent studies
indicate that West African forests are among-the most productive globally, these ecosystems are increasingly
threatened by deforestation, fragmentation, and ongoing climate change. In recent years, drought-induced shifts in
forest composition have been observed in Ghana, with changes favouring drought-tolerant species as a response to
increasingly variable climate conditions. This shift has the potential to significantly impact forest resilience and
carbon storage, highlighting the urgent need to understand how broader climate variability influences tropical forest
dynamics. Additionally, comprehensive research on the interactions between environmental drivers, particularly at
multiple scales, remains limited. This underscores the critical need for targeted research to inform effective
conservation strategies and sustainable forest management practices. Given the significant threats facing these
ecosystems, this study aims to address critical knowledge gaps by investigating the following objectives:

1. Assess the influence of vapour pressure deficit and soil moisture on biodiversity patterns and conservation value
of forest types in Ghana

2. Quantify the role of tree size, wood density and water availability in mediating competitive interactions among
tropical tree species in Ghana

3. Investigate biomass growth responses to climate variability and competition in Ghana’s tropical forests

Methodology

The research will be conducted in nine one-hectare (ha) permanent plots within the Global Ecosystem Monitoring
(GEM) network along a rainfall gradient in Ghana. These plots span three forest types: Ankasa Conservation Area
(ACA, wet evergreen), Bobiri Forest Reserve (BFR, moist semi-deciduous), and Kogyae Strict Nature Reserve
(KSNR, dry semi-deciduous). Established in 2011, annual censuses have been conducted since 2012.



All stems with a diameter at breast height (DBH) > 10 cm (measured at 130 cm above ground) are identified to
species, tagged, mapped, measured, and assigned a point of measurement (POM) for. future monitoring. For trees
with buttresses or deformities, the POM is raised 0.5 m above DBH, or up to 4.5 m for species with tall buttresses.
Newly recruited stems (DBH > 10 ¢m) that grew to meet the DBH threshold during the census period have been
recorded, tagged, ‘and measured, while trees absent in subsequent censuses have been classified as dead. Diameter
and height are measured using a diameter tape and an electronic hypsometer, respectively.

Climate data will be obtained from the ERAS5-Land reanalysis dataset (ECMWF) for the dry, wet, and annual periods,
including minimum, mean, maximum, and dewpoint temperatures, potential and actual evapotranspiration, rainfall,
and soil moisture. Vapour pressure deficit (VPD) will be calculated using the FAO Penman-Monteith equation. Wood
density data will be compiled from a global database. Soil samples will be collected and analysed for carbon, nitrogen,
and phosphorus content, as well as base cations such as potassium, magnesium, and calcium.

Forest community classification will be conducted using non-metric multidimensional scaling (NMDS)based on
species composition. Community diversity will be quantified using Hill numbers to assess species richness, Shannon,
and Simpson diversity indices. Conservation value will be evaluated using a Conservation Value Index (CVI),
integrating species rarity and threat status. A Redundancy Analysis (RDA) will be conducted to understand the
relationships between species abundance ‘and environmental variables. Linear mixed-effects models will be used to
examine relationships between community diversity and climate factors while accounting for hierarchical data
structure and potential confounders.

Tree growth will be estimated using basal area and above-ground biomass increments derived from standard
allometric equations. Competition will be assessed using-a-spatially explicit neighbourhood approach, modelling tree
growth as a function of the size and proximity-of neighbouring-trees. Growth responses to competition will be
analysed using nonlinear regression models for the 15 most common species. Mixed-effects models will be employed
to assess the potential effects of climate and competition on biomass growth. The model selection will be based on
Akaike’s Information Criterion corrected for small sample sizes (AICc), with the most parsimonious model identified
by the lowest AICc value. All analyses will be conducted in R (R Core Team, 2024).

Official document * Czech University of Life Sciences Prague * Kamycka 129, 165 00 Praha - Suchdol



The proposed extent of the thesis
50

Keywords

Tree growth, competition, water availability, conservation status, species diversity, tree size, above-ground biomass,
rainfall gradient, Ghana

Recommended information sources

Aguirre-Gutiérrez, J., Malhi, Y., Lewis, S.L., Fauset, S., Adu-Bredu, S., Affum-Baffoe, K., Baker, T.R.,
Gvozdevaite, A., Hubau, W., Moore, S., Peprah, T., Zieminska, K., Phillips, O.L., Oliveras, L., 2020. Long-
term droughts may drive drier tropical forests towards increased functional, taxonomic and phylogenetic
homogeneity. Nat. Commun. 11, 1-10. https://doi.org/10.1038/s41467-020-16973-4

Aguirre-Gutiérrez, J., Oliveras, 1., Rifai, S., Fauset, S., Adu-Bredu, S., Affum-Baffoe, K., Baker, T.R., Feldpausch,
T.R., Gvozdevaite, A., Hubau, W., Kraft, N.J.B., Lewis, S.L., Moore, S., Niinemets, U., Peprah, T., Phillips,
O.L., Zieminska, K., Enquist, B., Malhi, Y., 2019. Drier tropical forests are susceptible to functional changes in
response toa long-term drought. Ecol. Lett. 22, 855—865.
https://doi.org/10.1111/ele.13243

Fauset, S., Baker, T.R., Lewis, S.L., Feldpausch, T.R., Affum-Baffoe, K., Foli, E.G:, Hamer, K.C., Swaine, M.D.,
2012. Drought-induced shifts in the floristic and functional composition of tropical forests in Ghana. Ecol. Lett.
15, 1120-1129. https://doi.org/10.1111/j.1461-0248.2012.01834.x

Fortunel, C., Valencia, R., Wright, S.J., Garwood, N.C., Kraft, N.J.B:; 2016. Functional trait differences
influence neighbourhood interactions in a hyperdiverse Amazonian forest. Ecol. Lett. 19, 1062—-1070.
https://doi.org/10.1111/ele.12642

Kunstler, G., Falster, D., Coomes, D.A.,~Hui, F., Kooyman, R.M., Laughlin, D.C., Poorter, L., Vanderwel, M.,
Vieilledent, G., Wright, S.J., Aiba, M., Baraloto, C:;~Caspersen, J., Cornelissen, J.H.C., Gourlet-Fleury, S.,
Hanewinkel, M., Herault, B., Kattge, J., Kurokawa, H., Onoda, Y., Pefuelas, J., Poorter, H., Uriarte, M.,
Richardson, S., Ruiz-Benito, P., Sun, LF., Stahl, G., Swenson, N.G., Thompson, J., Westerlund, B., Wirth, C.,
Zavala, M.A., Zeng, H., Zimmerman, J K., Zimmermann, N.E., Westoby, M., 2016. Plant functional traits have
globally consistent effects on competition. Nature 529, 204-207. https://doi.org/10.1038/nature16476

Malhi, Y., Adu-Bredu, S., Asare, R.A., Lewis, S.L., Mayaux, P., 2013. African rainforests: past, present and future.
Philos. Trans. R. Soc. B Biol. Sci. 368.

Uriarte, M., Condit, R., Canham, C.D., Hubbell, S.P., 2004. A spatially explicit model of sapling growth in a tropical
forest: Does the identity of neighbours matter? J. Ecol. 92, 348-360.
https://doi.org/10.1111/.0022-0477.2004.00867.x

Uriarte, M., Lasky, J.R., Boukili, V.K., Chazdon, R.L., 2016. A trait-mediated, neighbourhood approach to quantify
climate impacts on successional dynamics of tropical rainforests. Funct. Ecol. 30, 157-167.
https://doi.org/10.1111/1365-2435.12576

Yuan, W., Zheng, Y., Piao, S., Ciais, P., Lombardozzi, D., Wang, Y., Ryu, Y., Chen, G., Dong, W., Hu, Z., Jain, A.K.,
Jiang, C., Kato, E., Li, S., Lienert, S., Liu, S., Nabel, J.E. M.S., Qin, Z., Quine, T., Sitch, S., Smith, WK., Wang,
F., Wu, C., Xiao, Z., Yang, S., 2019. Increased atmospheric vapor pressure deficit reduces global vegetation
growth. Sci. Adv. 5, 1-12.

Zhang-Zheng, H., Adu-Bredu, S., Duah-Gyamfi, A., Moore, S., Addo-Danso, S.D., Amissah, L., Valentini, R.,
Djagbletey, G., Anim-Adjei, K., Quansah, J., Sarpong, B., Owusu-Afriyie, K., Gvozdevaite, A., Tang, M., Ruiz-
Jaen, M.C., Ibrahim, F., Girardin, C.A.J., Rifai, S., Dahlsjo, C.A.L., Riutta, T., Deng, X., Sun, Y., Prentice, 1.C.,
Oliveras Menor, 1., Malhi, Y., 2024. Contrasting carbon cycle along tropical forest aridity gradients in West
Africa and Amazonia. Nat. Commun. 15, 1-9.
https://doi.org/10.1038/s41467-024-47202-x

Official document * Czech University of Life Sciences Prague * Kamycka 129, 165 00 Praha - Suchdol


https://doi.org/10.1111/1365‐2435.12576

Expected date

2024/25 SS — FFWS = State Doctoral Examinations

Thesis supervisor
doc. Ing. Radim Matula, Ph.D.

Supervising department

Department of Forest Ecology

Electronic approval: 10. 11. 2025 .
Electronic approval: 23. 11. 2025

prof. Ing. Miroslav Svoboda, Ph.D. A |
prof. RNDr. Tomas Hlasny, PhD.

Head of department
Chairperson of Field of Study Board

Electronic approval: 12. 12. 2025

prof. Ing. Rébert Marusak, PhD.

Dean

Prague on 02. 01. 2026

Official document * Czech University of Life Sciences Prague * Kamycka 129, 165 00 Praha - Suchdol







Declaration of independence

I hereby declare that this PhD thesis, titled “Dynamics of forest growth in tropical forests of
Ghana”, is the result of my independent research work carried out under the supervision of my
supervisor. All sources of information and assistance have been duly acknowledged, and the
research was conducted in accordance with the accepted standards and ethical guidelines of
scientific research.

I agree with the publication of this PhD thesis according to Czech Law (Act No. 111/1998 Coll.

Sb), irrespective of the outcome of the defense.

January 2nd, 2026, Prague Forzia Ibrahim






Acknowledgement

This thesis forms part of the Global Ecosystem Monitoring Network (GEM) project, which
conducts long-term research on forest dynamics, ecosystem productivity and carbon cycling
across environmental gradients in major tropical regions. I am deeply grateful to the GEM
network, especially the coordinators in Ghana, for providing the framework, access to previous
datasets and resources that made this research possible.

I would like to express my sincere gratitude to my supervisors, Ing. doc. Radim Matula and Dr
Arne Buechling, for their invaluable guidance, mentorship, and support throughout this project.
I am also thankful to my co-supervisors at the Forestry Research Institute of Ghana for their
feedback, encouragement and assistance. Special thanks to the field teams and research
assistants whose dedication and hard work were crucial to the successful completion of this
thesis. I am grateful to the lecturers, researchers and colleagues at the Department of Forest
Ecology, Faculty of Forestry and Wood Sciences, Czech University of Life Sciences, for their
continued support and for warmly welcoming me as part of the research community. I
acknowledge the support of the internal grant agency of the Faculty of Forestry and Wood
Sciences for providing financial assistance to conduct this research and participate in scientific
conferences to present my work.

I am deeply grateful to my family, whose unwavering support and encouragement sustained me

throughout this journey.



Abstract

African tropical forests are crucial reservoirs of biodiversity and carbon storage, yet the
ecological processes shaping their composition, function and resilience remain poorly
understood. Predicting forest responses to global change requires an understanding of how
abiotic and biotic conditions regulate community structure, biomass accumulation and species
interactions. In particular, the extent to which forest physiognomy and function are regulated
by nutrient supply, species functional attributes, and the non-additive effects of vapour pressure
deficit (VPD) and soil moisture remains largely unexplored. This study addresses these
knowledge gaps using a multi-pronged approach to: (1) quantify how moisture availability,
nutrients, and VPD shape community diversity and conservation value; (2) investigate the
effects of climatic and biotic factors on whole-tree biomass growth; and (3) assess how the
functional traits of species together with soil moisture mediate competitive interactions between
trees. The analyses draw on a comprehensive 10-year dataset from a network of permanent
sampling plots spanning wet evergreen, moist semi-deciduous, and dry semi-deciduous forests
in Ghana, West Africa. Forest inventory data were combined with high-resolution climate
reanalysis data and soil chemistry measurements to evaluate environmental controls on forest
composition, diversity and growth. Tree diversity was quantified using Hill numbers, while
conservation value was derived from species rarity and global extinction risk scores. Mixed-
effects models were used to estimate the effects of environmental conditions on species
diversity indices and aboveground biomass growth. Nonlinear non-parametric models were
fitted to examine how biological and abiotic factors modulate competitive interactions between
species and how those interactions scale up to influence stem diameter growth.

Actotal of 3,471 trees representing 242 species were surveyed during the 10-year census interval,
of which 17.4% were classified as threatened or near-threatened according to global extinction

risk criteria. Species composition, richness and Shannon diversity varied across forest types and



were primarily structured by moisture availability and VPD. Diversity generally increased with
soil moisture but declined with higher VPD. Nutrients, particularly calcium and phosphorus,
significantly influenced the composition of the moist forest zone. However, evidence for a
potential mitigation of VPD impacts by greater soil moisture availability was also detected,
leading to a stabilisation of biodiversity levels in more mesic environments. At-risk species
were more common in high-rainfall regions relative to drier environments.

Community-level biomass production was highest in the moist forest and increased with
structural diversity. However, growth responses to VPD and soil moisture varied among forest
types: in dry forests, growth remained suppressed and showed modest declines to increasing
VPD; in moist forests, high soil moisture partly buffered against VPD stress; and in wet forests,
growth peaked under intermediate moisture conditions. Species-level analyses revealed a
consistently positive effect of tree size, and highly taxon-specific responses to competition and
the non-additive effects of environmental factors. Variation in the wood density of species
modified competitive outcomes, with dense-wooded species exhibiting stronger innate
competitive abilities, particularly under moisture-limited conditions. Larger individuals were
less sensitive to moisture-dependent competitive pressure, reflecting divergent life history
strategies that differentially shape species fitness under varying environmental conditions.
Collectively, these findings demonstrate that tropical forest structure, biodiversity, and
productivity are shaped by complex interactions among environmental conditions, species
traits, and competitive dynamics. The findings also suggest that aggregating data and analysing
processes at a community-level can obscure or mask important species-level variation,
underscoring the importance of integrating both species and community-level perspectives to
understand forest responses to environmental gradients. The higher concentration of threatened
species in wetter forests, coupled with the dynamic nature of competitive interactions, suggests

that more prevalent and intense dry season drought episodes, which are forecast for tropical



Africa, may disproportionately affect the physiognomy, function, and biodiversity of these
communities. By linking demographic performance, biodiversity and environmental drivers,
this thesis highlights the ecological trade-offs that regulate tropical forest carbon dynamics and
the critical role of species diversity, functional attributes, and environmental buffering in

sustaining forest productivity under changing climatic conditions.

Keywords: Biodiversity, aboveground biomass growth, competition, moisture supply, tree size,

wood density, vapour pressure deficit, West Africa.
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1. INTRODUCTION
Tropical forests play a key role in ameliorating global climate change and harbouring much of
the world’s biological diversity (Baraloto et al., 2013; Chazdon et al., 2017). Despite their
importance, tropical ecosystems are increasingly threatened by intensive resource extraction
and changes in land use (Valentini et al., 2014). Recent studies indicate that deforestation rates
in tropical regions are increasing, placing even protected forests at risk of substantial ecological
degradation (Acheampong et al., 2019; FAO, 2020). For the African continent, climate models
forecast monotonic warming trends and greater variability in precipitation regimes, including
potentially more severe dry season water deficits (Almazroui et al., 2020; James et al., 2013).
In West Africa, a persistent reduction in annual precipitation since 1970, relative to 20th-century
mean levels, has already been associated with alterations in forest composition and function
(Aguirre-Gutiérrez et al., 2019; Asefi-Najafabady and Saatchi, 2013; Fauset et al., 2012). These
climatic shifts are expected to interact with anthropogenic stressors, potentially amplifying
negative impacts through non-additive increases in temperatures and drying rates in fragmented
or thinned forest patches (Lewis et al., 2015; Martnez-Vilalta and Lloret, 2016). Accurate
predictions of tropical forest trajectories require baseline data on species distributions,
vulnerabilities, growth dynamics and environmental relationships, but such data are still scarce
in many regions, particularly in Africa (Malhi et al., 2013; Réjou-Méchain et al., 2021).
Spatial variation in biotic and abiotic factors fundamentally structures species coexistence,
biodiversity and growth patterns across tropical forests (Aguirre-Gutiérrez et al., 2020; Bauman
et al., 2022; Esquivel-Muelbert et al., 2019; Peguero et al., 2023). Among the most critical
environmental drivers are soil moisture supply and evaporative demand, which jointly regulate
water transport through xylem, gas exchanges through leaf stomata, and dependent
photosynthetic performance (Novick et al., 2016; Peters et al., 2023). Soil moisture availability

reflects the capacity of soils to store and release water to plants, while vapour pressure deficit



(VPD) quantifies atmospheric demand for water and strongly influences transpiration and
carbon uptake (Lopez et al., 2021). Although potential responses of forest communities to
atmospheric drought have been investigated in some studies (Aguirre-Gutiérrez et al., 2019;
Fauset et al., 2012), the relative contributions of soil water, VPD and temperature to
community-level diversity and growth in tropical systems remain poorly understood (Liu et al.,
2020). The conservation implications of these environmental stressors are particularly
important in African forests, which often harbour rare and endangered species that contribute
disproportionately to functional diversity and ecosystem resilience (Mouillot et al., 2013).
Climate change poses a substantial threat to species with restricted distributional ranges or
specialised ecological niches, yet high-resolution biogeographical data remain scarce, limiting
our ability to anticipate conservation outcomes (Owusu et al., 2022; Sanjeewani et al., 2024).
Soil nutrients also influence forest composition and diversity, although evidence for their effects
remains inconsistent (Appiah-Badu et al., 2022; Nadeau and Sullivan, 2015). Studies in tropical
forests have reported weak, negative or positive associations between soil nutrients and
community diversity (Appiah-Badu et al., 2022; Du et al., 2020; LeBauer and Treseder, 2008).
These contrasting outcomes are further compounded by a paucity of soil data and the logistical
challenges of conducting detailed soil surveys in remote regions.

Biotic interactions, particularly competition for resources, are central to shaping forest
productivity and species coexistence (Fortunel et al., 2018; Hubbell et al., 2001; Tilman, 1982;
Uriarte et al., 2016). Emerging evidence in tropical systems increasingly highlights the
importance of trait-mediated processes in explaining variation in forest composition and
function (Enquist and Enquist, 2011; Fortunel et al., 2016). Functional traits associated with
water relations and growth capacity provide particularly important axes of competitive
differentiation (Fortunel et al., 2016; Kunstler et al., 2016; Rozendaal et al., 2020; Uriarte et al.,

2016). The specific architectural characteristics of tree stems may differentially promote plant



survival in particular settings. For example, wide xylem conduits facilitate a high water
conducting capacity that may confer competitive advantages in resource-rich environments. In
contrast, narrow conduits provide greater stability and cavitation resistance, which may
promote survival in water-limited habitats (De Guzman et al., 2021; Poorter et al., 2010; Sperry
et al., 2006). In other words, species may adopt contrasting strategies of maximising growth in
productive environments versus tolerating stress under limiting conditions such as drought
(Grime, 1977; Poorter et al., 2010). These trade-offs link biotic interactions directly to
environmental gradients. Experimental research across biomes has demonstrated that soil water
availability mediates competitive ability among plant species (Angert et al., 2009; Lebrija-
Trejos et al., 2023; Pérez-Ramos et al., 2019). Most studies have focused on juvenile life stages,
whereas analyses of resource-driven competitive dynamics among canopy trees across
environmental gradients in tropical forests remain limited (but see Rozendaal et al., 2020).
Overall, tropical forest composition, diversity and productivity are jointly influenced by climate
variability, soil nutrient availability, and biotic interactions, yet the combined effects of these
drivers on African forest growth remain poorly understood. Understanding these interactions is
crucial for uncovering the mechanisms that underpin species coexistence and for predicting

how forests will respond to ongoing environmental change.

1.1 Research objectives and scope

West Africa harbours a diverse array of tropical forest systems spanning a pronounced climatic
gradient, from wet evergreen forest communities in the southwest to dry semi-deciduous types
in the north. These forests sustain high biodiversity and provide critical ecosystem services but
remain underrepresented in ecological research relative to the Amazon and Southeast Asia
(Fauset et al., 2012; Malhi et al., 2013). Despite their importance, patterns of diversity,

conservation value, productivity and their environmental correlates are still poorly



characterised. In West Africa, where atmospheric water demand is rising, and soils are
increasingly water-limited, few studies have examined how environmental factors such as VPD
and soil moisture jointly influence biodiversity, conservation value and aboveground biomass
growth across contrasting forest types (Aguirre-Gutiérrez et al., 2019; Fauset et al., 2012).
Moreover, although competition is widely recognised as a key process structuring species
coexistence, limited attention has been given to how competitive interactions, mediated by
functional traits and resource availability, shape community assembly in tropical forests
(Canham et al., 2006; Kraft et al., 2015). Finally, while soil nutrients are known to influence
species composition and productivity, their relative contribution alongside climatic variables
remains uncertain, particularly across ecological gradients in this region. To address these
knowledge gaps, this thesis integrates analyses of abiotic and biotic drivers across a climatic
gradient, combining field surveys, a functional trait dataset and statistical modelling. The study
focuses on three overarching interrelated objectives:
1. Disentangling the drivers of floristic composition, diversity and conservation value. This
objective was addressed by:
a. Developing empirically based conservation value indices that account for the
relative abundance of at-risk species.
b. Examining the independent and interactive effects of VPD and soil moisture on
diversity patterns.

c. Assessing the influence of soil nutrient supply on species composition.
It was hypothesised that lower soil moisture availability in drier climatic zones favours species
that have an innate capacity for drought tolerance (Aguirre-Gutiérrez et al., 2019), resulting in
communities that may be less diverse but potentially more resilient to warming and drying

trends. It was further postulated that along the climatic gradient, periods of drought stress and



high evaporative demand would have reduced negative impacts on plant performance where

soil moisture availability is greater.

2. Determining biomass growth responses to biotic and abiotic factors. To quantify these
relationships, I performed the following analyses:
a. Assessed patterns of biomass growth across forest types.
b. Determined the synergistic effect of VPD and soil moisture on biomass growth.
c. Estimated the effect of tree size, competition, and structural diversity on biomass

growth.

Higher VPD was expected to accelerate soil moisture depletion, compounding plant water stress
and reducing growth by limiting water transport, leaf turgor pressure, and photosynthesis
(Grossiord et al., 2020; Novick et al., 2016). The magnitude of these effects was assumed to
vary among species and forest types, reflecting differences in ecological strategies and water
use traits (Novick et al., 2024). At the individual level, biomass growth was predicted to
increase with tree size due to greater crown area and resource acquisition capacity, but to decline
under high neighbourhood competition, which intensifies demand for finite resources.
Conversely, higher structural diversity was expected to enhance growth through increased light
interception and complementary use of belowground resources (Ding et al., 2021; Sapijanskas

etal., 2014).

3. Investigating the factors that mediate competitive interactions among tropical tree taxa. This
objective was addressed through analyses that:
a. Identified how species' functional attributes (i.e., wood density and shade tolerance)
influence competitive ability.
b. Assessed the extent to which soil moisture availability regulates competition

dynamics.



c. Determined how variation in the abundance, size and proximity of neighbouring trees
influences competitive outcomes.
It was hypothesised that competition intensity would increase with greater tree cover, reflecting
higher neighbourhood crowding. Competition was also expected to intensify under moisture
limitation, as reduced water availability heightens resource scarcity. However, the outcomes of
competitive interactions were anticipated to depend strongly on the trait attributes of the
interacting species, which reflect their differing life-history strategies and ecological tolerances.
For instance, species with denser wood were expected to follow a more conservative resource-
use strategy, conferring greater resistance to water limitation and potentially altering their

competitive performance.



2. LITERATURE REVIEW
2.1 Growth dynamics of tropical forests: Influence of abiotic and biotic factors
Tropical forests are among the most important components of the global biosphere, occupying
approximately 10% of the Earth’s land surface and contributing substantially to global
terrestrial net primary productivity (Del Grosso et al., 2008; Pan et al., 2011). They store a
disproportionate share of the world’s forest carbon stocks and regulate nutrient and water cycles
(Bonan, 2008; Immerzeel et al., 2020). Projected changes in climate, including rising
temperatures and elevated rates of soil drying, are likely to impair key ecological functions by
reducing tree growth and altering species distributions (Aguirre-Gutiérrez et al., 2019; Brodribb
et al., 2020). Long-term data from large-scale permanent monitoring plots have been central to
advancing our understanding of tropical forest dynamics, providing insights into spatial and
temporal variation in demographic processes such as growth, mortality and recruitment
(Bauman et al., 2022; Claeys et al., 2019; Feeley et al., 2011; Lewis et al., 2004; Phillips and
Lewis, 2014; Shen et al., 2013). These datasets have revealed contrasting patterns of forest
growth and biomass trends across the tropics. Several studies report long-term increases in tree
growth, stem density and aboveground biomass, particularly in South American forests
(Laurance et al., 2004; Lewis et al., 2004; Phillips and Lewis, 2014). These changes have often
been linked to carbon dioxide fertilisation, which may stimulate photosynthesis and accelerate
demographic processes (Lewis et al., 2004; Phillips and Lewis, 2014). Similar patterns have
been observed in Africa, Central America, and parts of Asia (Chave et al., 2008; Claeys et al.,
2019; Lewis et al., 2009). For example, Claeys et al. (2019) predicted higher rates of growth
and recruitment in Central African forests.

In contrast, other studies highlight multidecadal stability in forest dynamics. Research in
Barro Colorado Island, Panama, and other tropical sites found that tree growth varied

substantially over time, but without consistent directional trends (Clark et al., 2017; Dong et



al., 2012; Feeley et al., 2011; Murphy et al., 2013; Rutishauser et al., 2020). These fluctuations
have been attributed to interannual variability in climatic conditions and the complex influence
of global climate forcing on local demographic processes. Yet other studies have revealed long-
term declines in growth or biomass. In the Amazon basin, Brienen et al. (2015) reported
decreasing biomass over recent decades, with rising tree mortality rates outweighing
productivity gains. Similar declines have been recorded in La Selva, Costa Rica, where canopy
tree growth slowed between 1984 and 2000 (Clark et al., 2003), and in monitoring plots in
Panama and Malaysia (Feeley et al., 2007). Despite these advances, Africa remains
underrepresented in long-term forest monitoring, with relatively few studies assessing growth
dynamics across this continent (Bennett et al., 2021; Claeys et al., 2019; Hubau et al., 2020;
Rifai et al., 2018). In West Africa, in particular, the scarcity of such data limits understanding
of how climatic variability and ecological processes shape forest dynamics. Addressing this gap

is crucial for evaluating the capacity of these forests to respond to environmental change.

2.1.1 Abiotic controls on forest productivity: Roles of soil moisture and VPD

Forest productivity is shaped by environmental factors that regulate tree growth and ecosystem
carbon balance (Esquivel-Muelbert et al., 2019). Among these, soil moisture and atmospheric
VPD are particularly important because they directly influence plant water balance and
physiological function within the soil-plant-atmosphere continuum (Fu et al., 2022; McDowell
et al., 2020; Sulman et al., 2016). Soil moisture supports xylem water transport by maintaining
favourable water potential gradients (Seneviratne et al., 2010). When soil moisture declines,
increased xylem tension reduces hydraulic conductivity, constraining transpiration and
photosynthesis (Sperry et al., 2016). VPD, which quantifies atmospheric evaporative demand,
regulates leaf water loss and associated physiological functions (Lopez et al., 2021). Under high

VPD, many plants reduce stomatal conductance to limit transpiration, but this also restricts



carbon dioxide uptake and photosynthesis, slowing tissue growth and metabolic activity (Peters
et al.,, 2023; Yuan et al., 2019). These drivers are becoming increasingly important under
changing climate conditions. VPD has risen with warming temperatures, while long-term
declines in soil moisture and more frequent drought have been observed across tropical regions,
with both trends projected to intensify (Bauman et al., 2022; Grossiord et al., 2020; Yuan et al.,
2019). Their co-occurrence imposes compounded physiological constraints that limit plant
growth and productivity (Liu et al., 2020; McDowell et al., 2008; Qi et al., 2024). Feedback
between soil water and VPD can shape outcomes, as adequate soil water may buffer
physiological stress under high VPD, whereas dry soils can exacerbate evaporative demand
(Liu et al., 2020).

Numerous studies have examined how VPD, temperature, and soil moisture influence
vegetation productivity. While these efforts have improved our understanding of climate
controls on carbon uptake, the relative importance of VPD and soil moisture remains debated,
with effects varying across regions (Chen et al., 2023; Dubey and Ghosh, 2023; Jiang et al.,
2023; Lu et al., 2022). In tropical forests, plant growth is generally constrained by soil moisture
availability (Jiang et al., 2023). However, long-term field-based monitoring data for African
tropical forests remain scarce relative to the Amazon, limiting understanding of how
aboveground biomass responds to climate variation (Malhi, 2012). Available evidence from
these limited studies suggests that African forests may exhibit regionally variable sensitivity to
climate drivers. For instance, in the humid Congo Basin, increased VPD has been linked to
declines in growth rates despite stable rainfall, indicating that atmospheric water stress can limit
productivity even in moist forests (Jiang et al., 2023; Li et al., 2023). In contrast, large-scale
syntheses of data from African forest inventory plots suggest that biomass gains have increased
over recent decades, with limited carbon losses even during climate extremes such as the

2015/2016 El Nino (Bennett et al., 2021; Hubau et al., 2020). While the net carbon sink



remained positive, it was temporarily reduced during extreme climatic events, highlighting
some resistance to short-term climate variability (Williams et al., 2007). Collectively, these
findings reveal heterogeneous and context-dependent responses of African tropical forests to
climate variation, underscoring the need for detailed, species and site-level investigations of
biomass growth dynamics. Importantly, it remains unclear how soil moisture and atmospheric
water demand interact to influence growth, and whether these interactions vary across species
and forest types. Understanding these complex, interactive effects is crucial for predicting forest
responses to ongoing climate change and for linking environmental stressors to ecosystem

productivity and resilience.

2.1.2 Biotic influences on tree growth: Effects of competition

Competition plays a central role in shaping community assembly and species coexistence along
environmental gradients (Canham et al., 2006; Kraft et al., 2015). Several studies have
demonstrated that neighbourhood crowding can suppress tree growth, indicating strong
competition for limiting resources such as light, water, and nutrients (Nemetschek et al., 2024;
Rozendaal et al., 2020; Weng et al., 2022; Yang et al., 2021). For instance, analyses of long-
term forest inventory data in Amazonia and Africa show that elevated levels of crowding (dense
stands) reduce growth rates, indicating the strong role of competition in shaping community
dynamics (Rozendaal et al., 2020). However, Paine et al. (2008) found weak intraspecific
competition among tree seedlings in tropical rainforests, suggesting that factors other than
competition could be more influential during early life stages. Similarly, Gourlet-Fleury et al.
(2023) reported that competition and site conditions explained only a small portion of growth
variability in undisturbed Central African moist forests. The contrasting findings across tropical
African forests emphasise the importance of further investigating how neighbourhood crowding

affects tree growth.
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Several factors, including fluctuations in resource availability, species-specific functional
traits and variation in the size and age of trees, can influence competitive outcomes among tree
taxa (Fortunel et al., 2016; Kunstler et al., 2016; Rozendaal et al., 2020; Uriarte et al., 2010).
Variations in these factors determine how species interact, coexist, and adapt to environmental
changes (Gomez-Aparicio et al., 2011). Organism size regulates many biological processes,
including resource uptake, metabolism, and primary production in individual plants, as well as
species interactions within communities (West et al., 2009, 1997). However, general patterns
concerning the influence of size on competitive interactions and demographic rates (growth,
survival and recruitment) in forest trees remain unresolved (Forrester, 2019). Contrasting modes
of resource competition among individuals have been described, including (1) symmetric
processes that are size-independent; (2) size-symmetric interactions, whereby differences
among individuals in resource-uptake capacity and hence competitive strength are linearly
proportional to plant size; and (3) asymmetric interactions, where uptake capacity varies
nonlinearly as a function of size, with a consequence that larger plants acquire a
disproportionate share of the local supply of limiting resources (Schwinning and Weiner, 1998).
For instance, the interception and attenuation of light by the crowns of large dominant trees is
commonly assumed to be a size-mediated asymmetrical competitive effect that suppresses
primary production potential in subordinate trees. A long history of competition research has
led to the development of spatially explicit neighbourhood models that estimate the
consequences of competition in terms of variation in the performance of individual plants (e.g.,
tree growth) (Pommerening and Sanchez Meador, 2018). Competition effects are quantified
using measures of neighbour tree abundance that may be scaled by the size, proximity,
genotype, or trait attributes of those neighbours (Weiner, 1984). Associated models can
integrate size functions that account for linear (symmetrical) or nonlinear (asymmetrical) size-

dependent variation in competitive intensity (Goémez-Aparicio et al., 2011; Uriarte et al.,
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2004b). These methods provide a mechanistic link between the attributes of neighbouring trees
and the nature and intensity of competition dynamics (Weiner, 1990).

Both conspecific (same species) and heterospecific (different species) neighbours can
influence competitive interactions in forest communities (Lebrija-Trejos et al., 2014; Stoll and
Newbery, 2005). Conspecific neighbours typically compete strongly due to overlapping
resource requirements and a shared susceptibility to species-specific pathogens, which can
reduce growth, survival and reproduction (Stoll and Newbery, 2005; Uriarte et al., 2004b). In
contrast, competition among heterospecifics may be less intense when species differ in resource
use strategies, ensuring niche partitioning and potentially mitigating the risk of competitive
exclusion (Browne and Karubian, 2016; Chesson, 2000). Negative density dependence, where
demographic performance declines with increasing conspecific density, acts as an important
stabilising mechanism that promotes species coexistence in both tropical and temperate forests

(Janzen, 1970; LaManna et al., 2017).

2.1.2.1 The role of functional attributes and moisture variation on species competitive outcomes
Understanding the factors that mediate species-specific growth responses to competition is
fundamental for elucidating forest dynamics and informing sustainable management. Neutral
theory proposes that differences in competitive ability are largely unimportant at broad scales
(Hubbell, 2006). Under this model, species are assumed to be ecologically equivalent, with
stochastic processes such as random dispersal and local extinction generating predictable
community patterns (Azaele et al., 2016; Hubbell, 2006; Leibold and McPeek, 2006). Some
empirical evidence supports this view. For example, Uriarte et al. (2004a) found that more than
half of the species examined showed similar neighbourhood effects on sapling growth,
consistent with the assumption of ecological equivalence. However, growing evidence suggests

that competition is often mediated by neighbour identity and functional traits. For instance,
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Uriarte et al. (2004a) reported that sensitivity to neighbourhood crowding varied substantially
among taxa, while Kunstler et al. (2016) showed that specific functional traits strongly
influenced competition outcomes. These findings suggest that neutral theory, although useful
as a null hypothesis, cannot fully account for the directional shifts in composition and function
observed in tropical forests (Enquist and Enquist, 2011).

In contrast, niche-based and trait-mediated theories posit that asymmetrical competition is
dynamic and underpins community assembly processes (Leibold and McPeek, 2006;
Silvertown, 2004). Functional attributes, such as wood density and shade tolerance, influence
species’ strategies for resource acquisition and stress tolerance (Fortunel et al., 2016; Goldberg,
1990). Classifying species by these attributes provides insights into how biotic interactions
shape the performance of trees under varying environmental conditions (Adler et al., 2013;
Kunstler et al., 2016). Species with traits that facilitate rapid resource uptake may constrain the
performance of proximate neighbours by depleting a disproportionate share of available
resources (Goldberg, 1990; Kunstler et al., 2016). Conversely, species possessing attributes that
confer tolerance to resource scarcity, for example, physiological mechanisms that promote
water- or light-use efficiency (Kobe et al., 1995), tend to be more resistant to competitive
pressures (Fortunel et al., 2016; Goldberg, 1990). Wood density is a particularly important
functional trait influencing both hydraulic efficiency and drought resilience (Chave et al., 2009;
Santiago et al., 2018). Species with higher wood density typically possess smaller, more
efficient water-conducting xylem vessels, which reduce the risk of embolism during drought.
In contrast, species with low wood density have wider conduits that facilitate rapid water
transport but increase their vulnerability to cavitation (Hacke et al., 2001). This trade-off
enables high-density wood species to maintain competitiveness in resource-limited
environments (Chen et al., 2019). Shade-tolerant species, adapted to low-light understories,

grow more slowly but efficiently exploit limited light, giving them an advantage in shaded
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environments (Kobe et al., 1995). In contrast, shade-intolerant species dominate in high-light
conditions, such as canopy gaps, where rapid growth confers a competitive advantage (Bazzaz,
1979). The balance between these contrasting light-use strategies contributes to forest structural
and compositional diversity. Although previous studies have shown that functional traits of
neighbouring trees influence species-specific growth in diverse tropical forests, such
knowledge is limited for African species. In Africa, most research has focused on community-
level patterns, with species-level trait-mediated competitive responses largely unexplored

(Gourlet-Fleury et al., 2023; Rozendaal et al., 2020).

2.1.3 The role of structural diversity on community-level growth responses
Structural diversity describes heterogeneity in tree size distribution, vertical canopy layering,
crown architecture and basal area variation within a forest stand (Danescu et al., 2016; Deng et
al., 2025; LaRue et al., 2023; Liang et al., 2016; Mensah et al., 2023). It is commonly quantified
using diameter inequality metrics, tree size or height diversity indices, measures of crown
overlap, and composite indices that integrate multiple dimensions of stand structure (Cheng et
al., 2024; Danescu et al., 2016; Fatunsin and Naka, 2025; LaRue et al., 2023; Pommerening,
2002; J. Wang et al., 2025). Traditionally, biodiversity—ecosystem functioning research has
focused primarily on tree species diversity, with numerous studies demonstrating positive
relationships between species richness and forest carbon storage (Lu et al., 2023; Pellegrini et
al., 2016; Ruiz-Jaen and Potvin, 2011). More recent syntheses indicate that stand structure can
be a stronger and more consistent predictor of biomass growth than species or functional
diversity (Danescu et al., 2016; Zhai et al., 2024).

Empirical studies show that forests with high structural complexity often exhibit greater
productivity and carbon uptake than less complex stands (Déanescu et al., 2016; LaRue et al.,

2023; Poorter et al., 2017; Skiadaresis et al., 2025). These gains are commonly attributed to
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improved whole-canopy light-use efficiency and complementary use of soil resources (Tilman
et al., 1997). Multi-layered canopies allow radiation to be intercepted throughout the canopy
profile, while variation in tree size facilitates partitioning of soil water and nutrients among
individuals occupying different rooting zones (Ding et al., 2021; Sapijanskas et al., 2014).
Conversely, other studies have reported that greater structural heterogeneity can increase
asymmetric competition for light and soil resources, whereby dominant canopy trees suppress
the growth of smaller individuals, particularly under resource-limited conditions (Ali et al.,
2019; Forrester and Bauhus, 2016; Kunz et al., 2019). These contrasting findings indicate that
structural diversity does not generally enhance productivity and that its effects are strongly
context—-dependent (Forrester and Bauhus, 2016).

Regional comparisons suggest that biotic composition and environmental constraints
differentially influence the impact of structural diversity on productivity across tropical regions.
In Neotropical forests, canopy heterogeneity generally enhances biomass accumulation more
strongly than in African forests, where distinct species assemblages, functional trait diversity
and climatic factors shape growth responses (Aguirre-Gutiérrez et al., 2025b; Mensah et al.,
2023). Cross-continental analyses further suggest that African forests often exhibit lower
functional trait richness but higher functional divergence, indicating more specialised niche
differentiation that may underlie distinct biomass growth responses (Aguirre-Gutiérrez et al.,
2025b).

Despite these advances, key gaps remain in our understanding of how structural diversity
regulates biomass growth in African tropical forests. Existing studies that quantify structural
diversity—biomass relationships in African systems are relatively few and largely focus on
aboveground biomass stocks or carbon storage rather than community-level biomass growth
dynamics (Mensah et al., 2023; Noulekoun et al., 2021). Although some studies draw on

multiple sites, very few span contrasting natural forest types along strong climatic gradients,
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and others were conducted in recovery or managed contexts such as grazing exclosures
(Noulekoun et al., 2021). Consequently, it remains unclear whether the positive structural
diversity—productivity relationships reported in other tropical regions also apply broadly across
the diverse African forest types. Understanding these relationships is crucial for predicting
forest productivity and for informing management strategies that sustain ecosystem

functioning.

2.2 Abiotic drivers of biodiversity and community composition

Trees are the scaffold of forest communities, shaping stand structure and biodiversity potential
(Podlaski, 2019). The composition, richness and diversity of tree species vary across tropical
regions and at local scales (Owusu et al., 2022; Poorter et al., 2017). These patterns are strongly
influenced by abiotic factors such as water availability, temperature and soil nutrients, which
act as environmental filters that structure species abundance and distribution (Khaine et al.,
2017; Peguero et al., 2023). Ongoing climate change is expected to intensify abiotic constraints
by altering rainfall patterns, increasing VPD and prolonging droughts. The consequences are a
potential redistribution of individual taxa, leading to a reshaping of community assembly
patterns and the functions dependent on them (Deb et al., 2018; Fauset et al., 2012; Phillips et
al., 2009). Indeed, tropical forests are already exhibiting compositional shifts, with drought-
tolerant and deciduous species becoming increasingly dominant under intensified water stress
(Aguirre-Gutiérrez et al., 2019; Fauset et al., 2012; Feeley et al., 2011). Such shifts may reduce
taxonomic and functional diversity, leading to ecosystem homogenization and potential
declines in ecosystem services such as carbon storage and water cycling (Aguirre-Gutiérrez et
al., 2020; Phillips et al., 2009). Although the independent effects of soil moisture, VPD, and
temperature on tropical tree diversity are receiving increasing attention (Aguirre-Gutiérrez et

al., 2019; Fauset et al., 2012), their interactive influence remains unclear (Liu et al., 2020).
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Elevated temperatures, high VPD, and low soil moisture often co-occur, but forest sensitivity
varies depending on the baseline climatic and hydrological regimes. Addressing these multi-
dimensional drivers is therefore crucial for predicting biodiversity patterns under climate

change.

2.2.1 Effect of soil nutrients on species composition

Soil nutrients play a critical role in shaping species composition in tropical forests (Toledo et
al., 2011). The supply of plant-essential nutrients, including soil nitrogen, phosphorus, and base
cations (e.g., calcium), has been linked to variation in forest diversity and productivity (Peguero
et al., 2023; Pena-Claros et al., 2012). Soil chemistry is partially regulated by climate, with
temperature and precipitation influencing microbial activity and nutrient mineralisation rates
(Deng et al., 2018). Soil nutrient pools are further influenced by climate via transport processes
(LeBauer and Treseder, 2008). For example, soils in wet climates (e.g., coastal forests in Ghana)
are subject to elevated levels of leaching, which can lead to a potential deficiency of water-
soluble nutrients (Fauset et al., 2012). The extent and impact of variation in soil fertility across
different forest types and climate regimes remain a topic of debate. While nitrogen and
phosphorus are generally recognised as limiting factors of tree productivity globally, their
influence appears to be less pronounced in tropical forests (Du et al., 2020; LeBauer and
Treseder, 2008). Appiah-Badu et al. (2022) found only weak associations between soil nutrient
content and species composition in wet forests in Ghana. Similarly, Nadeau and Sullivan (2015)
discovered a weak negative association between soil fertility and tree species richness in the
rainforests of Costa Rica. In contrast, nutrient availability has been positively associated with
functional diversity in a large-scale study of tropical systems (Aguirre-Gutiérrez et al., 2022).
The continued uncertainties in literature are underpinned by the complex interactions between

soil nutrient availability, plant species adaptations and varying climatic contexts that modulate
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nutrient cycling and uptake. Understanding these dynamics is particularly critical for diverse
tropical forests, where nutrient limitations may govern species turnover, niche differentiation,

and ecosystem functioning under changing environmental conditions.

2.3 Conservation status of tropical tree species: Patterns, threats and implications

Assessing the conservation status of tree taxa using recognised, standardised indices is crucial
for understanding species viability and the vulnerability of ecological communities under
changing environments (Harvey-Brown et al., 2022). Conservation status integrates a species'
population size, ecological range, and probability of persistence (Harvey-Brown et al., 2022;
IUCN, 2024). Globally, around 38% of all tree species assessed are threatened, underscoring
the urgency of conservation action (IUCN, 2024; Rivers et al., 2023). This concern is
particularly acute in tropical forests, which are renowned as biodiversity hotspots and central
to maintaining global ecological stability (Myers et al., 2000). In Africa, approximately 31.7%
of vascular plant species are likely threatened with extinction, with an additional 33.2%
considered rare and potentially at risk of becoming threatened in the near future (Stévart et al.,
2019). Notably, in African regions such as Ethiopia, central Tanzania, and the southern
Democratic Republic of Congo, over 40% of species are considered to be at risk, emphasising
the need for focused conservation strategies in these areas. Comparatively, large-scale
assessments in other tropical regions show similar challenges; for instance, in the Amazon,
Steege et al. (2015) estimated that 36-57% of ~15,200 tree species qualify as globally threatened
under the International Union for Conservation of Nature (IUCN) criteria. The loss of
threatened taxa undermines ecological integrity and impairs key processes such as carbon
storage, nutrient cycling and hydrological regulation. Recent evidence suggests that climatic
niches associated with humid forest types in Africa are likely to shift under climate change,

placing many species and communities at risk (Réjou-Méchain et al., 2021).
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Despite these concerns, systematic evaluations of the conservation status of tree species in
tropical Africa remain limited. While existing studies have identified many endemic and
ecologically important species to be at risk of extinction (Kengne et al., 2022; Stévart et al.,
2019), few have assessed how conservation value metrics differ among forest communities or
how associated indices are shaped by local environmental conditions such as soil moisture and
VPD (Sanjeewani et al., 2024). Moreover, quantitative approaches that assess the effects of
environmental variation on composite measures of conservation concern (e.g., the conservation
value index, which integrates species rarity and global threat levels) have rarely been applied
in African tropical forests (but see Owusu et al., 2022). This knowledge gap constrains the
understanding of how environmental gradients shape the spatial distribution of threatened taxa
and the conservation importance of forest communities. Addressing these issues, the present
study examines how key abiotic factors influence community-level conservation metrics across
contrasting forest zones in Ghana, providing new insights into how environmental gradients

shape conservation priorities in West African forests.
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3. METHODOLOGY

3.1 Introduction to the methodology

The methodological framework of this thesis is based on a long-term forest monitoring network
established in 2012 across three contrasting forest types in Ghana, West Africa. This network
provides a comprehensive basis for evaluating forest growth and biodiversity dynamics in
representative tropical ecosystems. This chapter outlines the standardised protocols and
analytical approaches employed to address the thesis objectives. It includes descriptions of
study sites, establishment of permanent monitoring plots, forest inventory procedures,
measurements of tree and stand structures, sampling designs, and calculations of key ecological
variables such as basal area increment, neighbourhood competition index, aboveground
biomass growth, and species diversity metrics. Detailed descriptions of methods specific to

each research objective are provided in subchapters 3.2, 3.3, and 3.4.

3.1.1 Study sites

The study was conducted in three protected forest reserves in Ghana (Figure 1): Ankasa
Conservation Area (ACA), Bobiri Forest Reserve (BFR), and Kogyae Strict Nature Reserve
(KSNR). These sites are part of the Global Ecosystem Monitoring Network of permanent

sampling plots (https://www.globalecosystemmonitoring.com/) established across tropical

forest types to monitor forest structure, composition, demographic dynamics and carbon cycling
(Marthews et al., 2012). The protected status of these reserves helped to control for the effects
of land use on forest dynamics, which could otherwise distort growth and biodiversity
assessments and confound their climate relationships. The sampled locations span a latitudinal
and environmental gradient ranging from wet coastal areas in the southwest to the drier interior
regions of central Ghana. Based on a gridded reanalysis of climate data (Karger et al., 2017)

since 1980, mean annual precipitation ranged from ~2057 mm at coastal sites (ACA) to ~1095
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mm for northern interior plots (KSNR). Mean annual temperatures ranged from 25.0 °C in the
south to 27.0 °C at northern locations (Table 1). All sites experience two rainy seasons (April-
July and September-October), interrupted by a distinct dry season (November-March) that
increases in length from the coast towards the interior region. Total monthly precipitation during
the dry season falls below 100 mm (Hall and Swaine, 1981). Mean elevations are 90 m in ACA,
270 m in BFR, and 225 m in KSNR. The three reserves represent distinct forest types: wet
evergreen (ACA), moist semi-deciduous (BFR), and dry semi-deciduous (KSNR) forests,
which are characteristic of the forest zone of West Africa and support diverse assemblages of

flora and fauna (Hall and Swaine, 1981).

Table 1: Environmental, floristic and structural characteristics of forest types. Shown are

long-term mean climate values (1980-2022) with (+) standard deviations.

Forest type

Ecological characteristics

Dry Moist Wet

Floristics and structure

Number of individual trees 464 1735 1272
Number of species 53 103 131
Number of genera 46 79 101
Number of families 24 35 40
Shannon diversity 2.72+0.122 3.07+0.23° 3.46+0.07¢
Simpson diversity 0.91+0.122 0.92 +0.23¢* 0.94 + 0.14°
Basal area (m?ha™) 18.9 £ 0.64° 29.2 +£0.56° 27.9 +£0.25°
Stem density (ha™') 180 + 3.932 611 +20° 456 + 5.04°

Environmental variables

Rainfall (mm year™)

Temperature (°C)

Vapour pressure deficit (kPa)

1094.97 + 179.82*

27.0+0.41°

1.72 £0.30¢

1180.51 + 171.42°
26.0 £0.43°

1.25+0.29°

2057.21 £ 251.26°¢
25.10 £ 0.29¢

0.48 £ 0.08¢
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Forest type
Ecological characteristics

Dry Moist Wet
Relative humidity (%) 77.99 £10.19* 82.5+7.41° 90.73 £2.12°¢
Soil moisture (m3 m) 0.26 £0.03* 0.35+0.02° 0.33+£0.03¢
Available phosphorus (mg kg™') 14.64 +1.02° 18.29 £2.33b 15.49 £2.07°
Soil nitrogen (g kg™!) 422+0.17* 3.84+0.57° 5.74 £1.57¢
Soil carbon (g kg™!) 10.60 = 1.23* 31.81+1.20° 14.53 +1.23¢
Organic matter (g kg™") 18.14 +2.052 54.85 +£2.08° 25.07 £ 2.36°
Exchangeable calcium (cmol kg™) 4.09 + 0.89* 8.60 + 1.93% 1.55+0.08°
Exchangeable magnesium (cmol kg™!) 1.22 £0.04* 3.05+0.44° 0.82 £0.02¢
Exchangeable potassium (cmol kg™) 0.31+£0.09* 1.18+0.18° 0.28 £ 0.04*

Notes: Tree basal area was calculated assuming that stems were circular in cross-section (basal area ==
x diameter?/4). Temperature, relative humidity and soil moisture represent conditions for an annual
period. Vapour pressure deficit is for the dry season. Differences between forest types were tested using
the non-parametric Kruskal-Wallis and post-hoc Dunn tests with a Bonferroni correction. Different

letters denote significant differences between types (p<0.05).

3.1.2 Data collection and sampling protocols

Field survey plots were established using a stratified random sampling design (Marthews et al.,
2012). In each forest type, three survey plots (1.0 ha each) were established (n = 9 plots total).
Individual plots were subdivided into 25 subplots (2020 m). Within each plot, all living adult
trees with diameters at breast height (DBH) > 10 cm were identified to the species level, tagged,
and mapped relative to a reference location (southwest plot corner). Stem diameters were
measured to the nearest millimetre (0.1 cm) at 1.3 m above ground level. However, the point of
measurement (POM) of the diameter was adjusted for some individual trees to account for
swelling or buttressing in the basal portions of the bole. Specifically, POMs were raised by

fixed increments of 0.5 m up to a maximum level of 4.5 m for individuals when evidence of
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buttress formation was observed (Marthews et al., 2012). POM levels were painted and
documented to ensure measurement consistency across censuses.

Tree mapping and height measurements were conducted using Field-Map technology (IFER

— Institute of Forest Ecosystem Research, Jilové u Prahy, Czech Republic; www.fieldmap.cz).
Tree positions were recorded in a local Cartesian coordinate system following the standard
Field-Map survey procedure (Hédl et al., 2009). A set of permanently established reference
points defined the plot framework, and tree x—y coordinates were calculated from laser-
measured distances and azimuths obtained with the Field-Map rangefinder—compass unit. Tree
heights were measured using the integrated laser rangefinder and clinometer. For each tree, the
operator targeted the stem base and the upper crown point, and Field-Map recorded the
corresponding distances and vertical angles. The software then automatically computed the total
tree height using its internal trigonometric algorithms, which convert angle—distance
measurements into vertical height components.

Annual censuses were conducted from 2012, although the three moist forest plots were not
censused in 2014, 2019, and 2021. The specific month of data collection was consistent across
years but varied by forest type: surveys were conducted in March, June, and September in wet,
moist, and dry forests, respectively. During each census, all tagged stems were remeasured and
their status (alive or dead) recorded. Newly recruited stems reaching DBH of >10 cm during
the census were identified, tagged, measured and mapped, while previously recorded stems that

were dead or missing were classified as dead.
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Figure 1: Map of Africa showing the location of study sites in Ghana: Ankasa Conservation

Area (wet evergreen forest), Bobiri Forest Reserve (moist semi-deciduous forest), and Kogyae

Strict Nature Reserve (dry semi-deciduous forest). The distribution of the individual sampling

plots (n = 9) in the smaller panels is overlain on a digital elevation model.

3.1.3 Environmental data

Climate data from a high-resolution climate model (ERA5-Land) developed by the European

Centre for Medium-Range Weather Forecasting was used. ERAS5-Land provides gridded

(spatially continuous), hourly estimates of several climatic variables with global coverage

(Mufioz-Sabater et al., 2021). Climate data, including minimum, maximum, dew point, and

mean temperatures, precipitation, humidity and soil moisture, were extracted from the ERAS-

Land data portal (https://www.ecmwf.int/en/eraS-land). The global-scale climate grids were

then subset to the geographic extent of the study area. The hourly values for all variables were
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aggregated to generate daily, monthly, dry season, and annual composites (temperature means
and precipitation sums). The dry season across the study sites extends from late November to
March. Annual composites were defined to correspond with the different data collection periods
of each site, as previously described. Thus, annual climate estimates were generated for the 12
months from March to February for wet forest, June to May for moist, and September to August
for dry sites. The 12-month aggregated climate values were then downscaled from 9.0 km to an
approximately 900 m (30 arc-second) spatial resolution for each plot using statistical kriging.
A USGS digital elevation model and soil hydraulic and thermal parameters, with a spatial
resolution of ~900 m, were used as covariates for the kriging-based interpolation (Dai et al.,
2013). The entire workflow was performed using R functions from the package KrigR (Kusch
and Davy, 2022).

After downscaling, soil moisture values were standardised to generate a soil moisture index
(SMI; Gao et al., 2016). SMI accounts for low soil water content (wilting point) that is

potentially unavailable for root absorption:

_ Qsoil —min(Qsoil) 1
SMI'= max(Qsoil) — min(Qsoil) o

where Qsoil is the downscaled, 12-month, volumetric soil moisture fraction (mj, m5>;), and
min and max represent the corresponding minimum and maximum moisture levels observed
for the period of our analyses for each tree location.
VPD was calculated based on the Penman-Monteith approach and equations from Allen et
al. (1998):
VPD = e;_e, 2)

where esand e, denote saturation and actual vapour pressure deficits, respectively.

e Tmax te Tmin
es=[s( )Zs( ) 3)
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where variables es (Tmax) and es (Tnin) represent saturation pressure at maximum and minimum
temperatures.

Saturation vapour pressures (es at Tmar and Trin) were calculated as follows:

(Trax) = 0.6108 X (17'27 X T’"‘“‘) 4
eS max/) — " exp Tmax + 237-3 ( )
(T, )= 0.6108 (17.27 X Tmin) 5
i = 0. X -

€s Wmin XP\Tuin + 237.3 )

Actual vapour pressure (e,) was estimated from the dew point temperature (7 dew):

17.27 X Tyow

= 0.6108 X (—) 6
€ P \T o + 237.3 ©)

3.1.3.1 Soil data

Soil samples were collected from five randomly selected locations within each forest plot (n =
9) at depths of 0-10 cm, 10-20 cm and 20-30 cm using a soil auger. As mineral concentrations
can vary substantially with depth (Jobbagy and Jackson, 2001), subsamples (from different
depths) were combined to generate a single representative soil sample for each soil pit.
Chemical analyses for carbon and nutrients (nitrogen, phosphorus, potassium, magnesium,
calcium) were conducted at the Soil Laboratory of the Faculty of Renewable Natural Resources,
Kwame Nkrumah University of Science and Technology, Kumasi, Ghana. To determine total
soil nitrogen, the Kjeldahl digestion method was used (Bremner, 1996), while the wet digestion
method was employed to quantify soil carbon (Nelson and Sommers, 1982). Soil exchangeable
magnesium and calcium were extracted using an atomic absorption spectrophotometer, while
potassium was determined using a flame photometer (Chapman, 1965; Rowell, 1994). Available
phosphorus was extracted using the Bray II method (Olsen et al., 1982). Soil organic matter

was determined using the Walkley—Black method.
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3.1.4 Statistical analyses: A general approach

Prior to analyses, collinearity among predictor variables was assessed using Spearman’s rank
correlation and a single variable was selected from highly correlated (|| > 0.70) pairs (Figures
S1.1, S2.1, S2.1.1). Continuous variables were checked for normality using the Shapiro—Wilk
test and visualised with histograms. All continuous predictors were standardised (mean-centred
and scaled to unit variance) to facilitate model convergence and improve comparability. All

analyses were performed using R statistical software (version 4.4.1; R Core Team, 2024).

3.2 Drivers of floristic composition, diversity and conservation value

3.2.1 Forest classification and diversity

To classify the nine survey plots into unique forest community types, ordination analyses were
performed. Specifically, non-metric multidimensional scaling (NMDS) with the Bray-Curtis
dissimilarity metric was used to identify distinct groups based on species composition. The
ordination was performed using the metaMDS function of the vegan package (Oksanen et al.,
2022). The significance of compositional differences among forest types was assessed using the
analysis of similarity (ANOSIM) test with the anosim function from the vegan package.

The Importance Value Index (IVI) for each tree species across the different forest types was
computed to assess their contribution to the provisioning of community-level ecosystem
services (McGill et al., 2007). IVI was calculated following the classical formulation of Curtis
and Mclntosh (1950), as implemented in the BiodiversityR package (Kindt and Coe, 2005). It
integrates three components (Eq. 7): relative density (RD), relative frequency (RF), and relative

dominance (RBA):
IVI = RD + RF + RBA (7)

where:

27



RD — ( Number of individuals ofthe species ) 00 e
"~ \Total number of individuals of all species ®)
Number of plots in which the species occurs
_ ( ) x 100 )
Total number of plots sampled
RRBA — ( Basal area of the species ) 100 10
~ \Total basal area of all species (10)

Tree diversity for each forest community type was assessed and compared. To compensate
for inherent biases associated with biodiversity assessments that arise due to an uneven
distribution of species across space and incomplete (finite) sampling effort, Hill numbers were
computed (Roswell et al., 2021). Hill numbers dampen biases by accounting for both richness
and relative abundance patterns (Chao et al., 2014). Hill numbers are a family of diversity
indices that quantify the effective number of species in a community (the number of equally
abundant species in a theoretical community needed to generate a given diversity value). The
individual indices of the Hill family differ by a single parameter g. The first three Hill numbers,
qg =0, 1, and 2, are related to the more traditional diversity metrics: richness, Shannon, and
Simpson, respectively. Methods in Chao et al. (2014) were employed to derive these three Hill
numbers for each forest type using the iNEXT package (Hsieh et al., 2022). Calculations require
the construction of rarefaction and extrapolation curves. We computed 95% confidence
intervals around these curves for each forest type, facilitating an assessment of whether

diversity levels diverged significantly among forest types.
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3.2.2 Conservation value
Community-level conservation values were evaluated by quantifying a Conservation Value
Index (CVI). CVI integrates data for both species’ rarity and threat status (Capmourteres and

Anand, 2016; Owusu et al., 2022) (Eq. 11):
CVI = RS + GTS (11)

where RS is a rarity score, and GTS is a global threatened score. RS was calculated as the sum

of the relative frequency of species (Eq. 12):

s 1
RS = Zi=1E (12)

where f;is the frequency of the i species and s denotes the total number of species per forest
type. GTS combines and weights the relative threatened status (based on IUCN Red List

rankings) of each species in a forest (Eq. 13):
GTS = (6 XEN)+ (3xVU)+ (2XNT)+ (1 xLC)+ (1 xNE) (13)

where EN, VU, NT, LC, and NE represent the number of taxa belonging to the [IUCN categories
Endangered, Vulnerable, Near Threatened, Least Concern and Not Evaluated, respectively.
ANOVA and Tukey’s Honest Significant Difference test were used to compare conservation

value indices among forest types.

3.2.3 Statistical analysis: Environmental relationships

Regression analyses were used to assess relationships between community diversity and climate
factors. The primary response variable was community richness. Separate analyses were
conducted to evaluate the effects of climate on Shannon diversity and the Conservation Value
Index (see section 3.2.2). Hierarchical models were developed to investigate how mean annual
soil moisture, dry season VPD, and mean annual temperature influenced these response

variables. Soil moisture and VPD were selected to reflect soil water availability and
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atmospheric water demand, while temperature was included to capture the effects of ongoing
global warming trends. Mean long-term climate values (1980-2022) were used in our analyses.

The full model for community richness assumed the following form (Eq. 14):
richness;; ~ o + B1(SMy;) + B2(VPD;;) + Bs(VPD;; x SMyj) + by + ¢ (14)

where richness is a species count for a 400 m? subplot (i) located in a 1.0 ha full plot (j), SM;;is
total soil moisture content, VPD;; is vapour pressure deficit, b; is a random plot effect, f
parameters are regression coefficients, and & is residual error. Models assumed that the residuals
were independent and normally distributed after accounting for the explanatory variables.
Interactions between VPD and SM were tested by fitting separate models with and without
interaction terms (VPD x SM, Eq. 14). Finally, to evaluate the degree of support for an effect of
temperature, VPD was substituted for temperature in alternate models. Temperature and VPD
were correlated, but collinearity between all other model terms was low according to tests
performed using the multicollinearity function of the performance package (Lidecke et al.,
2021).

All response variables (n = 3) were analysed separately, but the associated models used the
same explanatory terms as shown in Eq. 14. Richness models were formulated as generalised
linear mixed-effects models (g/mer function, /me4 package, Bates et al., 2015) with a Poisson
distribution. The other response variables (Shannon diversity and conservation value index)
were fitted as linear mixed effects models (/mer function, /me4 package). Both marginal and
conditional coefficients of determination (R*) were calculated using the r2 function of the
performance package to quantify the variance explained by fixed effects versus both fixed and
random effects, respectively (Nakagawa et al., 2017). The degree of support for alternate
models for a given response variable was assessed by comparing Akaike Information Criterion

(AIC) scores and marginal R? values.
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A Redundancy Analysis (RDA) was performed to understand the relationships between
species abundance and a set of climate and soil variables. Species abundance was quantified by
the number of individuals for each unique species in the subplots. Species abundance data were
logio(x + 1) transformed. RDA was performed using the forward-backwards selection procedure

(ordistep function, vegan package).

3.3 Biomass growth responses to biotic and abiotic factors

3.3.1 Allometric equations and biomass estimation

Aboveground biomass (AGB) estimation required individual tree height data, which were
measured only during the 2020 census. To estimate tree heights for other census years, several
candidate height—diameter (H-D) allometric models (logl, log2, Weibull, Michaelis) available
in the BIOMASS R package were fit to the 2020 height and stem diameter data. Model
performance was evaluated using AIC and Residual Standard Error (RSE), with the log/ model
providing the best fit. This model was then used to predict tree heights for other census years
based on measured stem diameter.

Species-level wood density values were obtained from the Global Wood Density Database
(Chave et al., 2009; Zanne et al., 2009). When species-specific values were unavailable, mean
values at the genus, family, or plot level were used, following the approach of Jucker et al.
(2018). Annual aboveground biomass for each tree j in year ¢ (AGB;;; Mg) was computed using
the pantropical allometric equation from Chave et al. (2014):

AGBj. = 0.0673 X (p; X diameter?, x Hy)'" (15)
where p; is species-level wood density (g cm™), diameter;, is measured stem diameter (cm), and
Hj, 1s estimated total height (m) of tree j in year ¢£. Biomass estimates were obtained using the
computeAGB function of the BIOMASS package (Réjou-Méchain et al., 2017). Palms and lianas

were excluded due to the lack of standardised allometric models (Poorter et al., 2017). Plot-
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level AGB (Mg ha'!) was obtained by summing tree-level AGB values within each 1-ha full
plot. Annual aboveground biomass increment (AGBI; Mg yr') was calculated as the difference
between successive annual estimates of AGB for each tree. For non-census years in moist
forests, mean AGBI was derived from the two-year census interval. Tree-level AGBI values
were used for species-level analyses. For community-level analyses, AGBI values for each tree
were summed within each subplot (400 m?) and scaled to a per-hectare basis (Mg ha™! yr).
Plot-level AGBI was obtained by summing annual biomass increment for all trees in a given 1-

ha plot.

3.3.2 Competition
Neighbourhood crowding around each focal tree was quantified using Hegyi’s distance-
dependent Neighbourhood Crowding Index (NCI; Hegyi, 1974). For each focal tree i, NCI was

calculated as:

NCI, = Z (diameter;)*
(dlstancel])ﬂ (16)

where 7 is the number of neighbouring trees within 15 m of focal tree i, diameter; (m) is the
stem diameter of neighbour tree j, and distance; (m) is the horizontal distance between
neighbour j and focal tree i. The parameters o and B modulate the influence of neighbour size
and distance on competitive intensity, respectively. To standardise competition values, each

NCI value was normalised by dividing it by the maximum observed NCI:

NCI

NCI = ——
norm - max (NCI)

(7
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3.3.3 Structural diversity

Structural (tree size) diversity was quantified using the Shannon diversity index based on tree
basal area distributions across DBH size classes, following established approaches (Fatunsin
and Naka, 2025; LaRue et al., 2023). This metric accounts for the relative dominance of
different size classes and provides a measure of structural diversity at each subplot (Eq. 18).
For each tree, basal area (m?) was calculated as 1 (DBH/2)?, with DBH (cm) converted to metres
prior to calculation. Trees were grouped into DBH classes with 10 cm class intervals, ranging
from 10 cm (the minimum measured DBH) to the maximum DBH in the dataset. A 10 cm class
width was selected to capture size variation and maintain stable class proportions. The total
basal area per class was summed within each subplot. Shannon’s tree size diversity index (Hq)

was then computed as:

D
Ha==) piln(p) (18)
i=1

where p; is the proportion of total basal area of the i DBH class, and D is the number of DBH

classes. Calculations were performed using the vegan package (Oksanen et al., 2022).

3.3.4 Statistical analysis: Abiotic and biotic relationships

Differences in AGB, AGBI, soil moisture and VPD across the 2012-2021 monitoring period
were examined using linear mixed-effect models, with plot identity included as a random effect.
Post hoc pairwise comparisons of estimated marginal means were conducted using Bonferroni
correction to evaluate significant differences among forest types. Drivers of AGBI at both
species and community levels were investigated using Generalised additive mixed-effects
model (GAMMs) fitted with the gamm function in the mgcv package (Wood, 2017). The
response variable, AGBI, was square-root transformed to address right skewness and stabilise

variance. GAMMSs accommodate nonlinear relationships, hierarchical nesting (where tree
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identity is nested within subplots and plots), and temporal autocorrelation. At the species-level,
separate models were fitted for the 15 most common species across the study sites (Eq. 19). The

global model structure was:

JAGBI jir = Bo + f1(DBHjit) + fo(NCliji) + te(SMl;je VPDyjyt ) + re(TreelD;/ (19)
Subpl()tk) + Eijkt + AR(l)t|Tree1Dj

where \/m is the square root transformed aboveground biomass increment of tree j in
subplot &, plot i, at year #; 5, is the intercept; f; and f> are penalised splines for tree diameter
(DBH) and neighbourhood crowding index (NCI), respectively; fe() denotes a tensor product
smooth capturing the interaction between soil moisture index (SMI) and VPD;

re(TreelD;/Subploty) accounts for random effects of tree identity nested within subplots; &y is
the residual error, and AR(l)t|TreeIDj models the temporal autocorrelation of repeated

measurements within individual trees.

At the community scale, the subplot-level total biomass increment was modelled as a
function of structural diversity (SDIV) and the interaction between SMI and VPD, with subplot
nested within plots as random effects:

JAGBIye = Bo + fi(SDIVy) + te(SMly VPDy ) + re(Plot;/Subploty) + e (20)
Penalised splines were restricted to three knots to balance model flexibility and interpretability.
Candidate models were constructed by fitting alternative combinations of predictor variables
and, where relevant, their interactions (Table S2.1). Model selection at both scales was based
on AIC, adjusted R?, and concurvity diagnostics. Competing models with AAIC < 2 were
considered to have equivalent support (Burnham and Anderson, 2002). Model assumptions,
including non-significant levels of temporal autocorrelation, were checked using residual

diagnostics and autocorrelation function (ACF) plots of normalised residuals.
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3.4 Role of tree size, functional attributes and water availability in mediating competitive
interactions among tropical tree species

3.4.1 Growth data

Annual measurements of stem diameter for each adult tree (>10 cm) in all field plots for the
10-year census period (2012-2021) were compiled. Records with missing measurements (N =
310), data for trees that died (N = 705 stems), swamp trees (N = 21), and lianas (N = 16) were
removed. A time series of annual basal area increment (BAI, cm? year!) was derived from
repeated stem diameter measurements for each tree, assuming circular cross sections. For non-
census years in moist forests, the average annual BAI was computed using field data from the
start and end of the two-year census interval. Growth dynamics were analysed separately for

the 15 most common tree species, based on sample size (N>150 trees per species; Table 3).

3.4.2 Species guilds and wood density classification
A prior classification of the regeneration guild of forest taxa in Ghana was used as a proxy for
shade tolerance (Hawthorne, 1996, 1995). Hawthorne’s semi-quantitative classification was
based on a floristic inventory as well as qualitative observations of the environmental correlates
of species occurrence (Sheil et al., 2006). Three guild categories were described: (1) a gap-
specialist (pioneer) class comprised of light-demanding, shade-intolerant taxa; (2) a shade-
tolerant (shade-bearer) class associated with resource-limited closed canopy environments; and
(3) anon-pioneer light-demanders (NPLD) category, consisting of species with an intermediate
capacity for shade-tolerance (Hawthorne and Abu-Juam, 1995).

For each focal species (N=15), all neighbour taxa were grouped into two or three distinct
wood density classes (e.g., low, medium, high) using k-means clustering (Hartigan and Wong,

1979). Preliminary regression models were run comparing the performance of the two-class
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and three-class groupings. The classification that provided the more parsimonious fit based on

corresponding AIC scores was used in subsequent analyses.

3.4.3 Statistical analyses: Effect of wood density, shade tolerance and soil moisture on species-
specific competitive outcomes

Competitive effects were quantified by evaluating the extent to which neighbouring individuals
constrained the radial growth of focal trees. This analysis focused on how biotic attributes of
neighbours and local abiotic conditions modulated competitive pressures. As competition is
inherently a neighbourhood-scale phenomenon, the magnitude of neighbour effects was
investigated at the level of individual trees. Although the spatial extent of these interactions
varies with species and tree size (Stoll and Newbery, 2005; Uriarte et al., 2010), a competitive
neighbourhood was defined as a fixed 15 m radius around each focal tree. This threshold is
consistent with prior studies demonstrating that competitive interactions among trees
predominantly occur within 10-20 m and decline sharply beyond this range (Canham et al.,
2006, 2004; Coates et al., 2009; Muscarella et al., 2018; Uriarte et al., 2005). Preliminary
analysis (Figure S3.1) further confirmed that neighbour influence was negligible beyond 15 m
for most focal species. While variability in competitive interactions across spatial scales and
species was acknowledged, the 15m radius captures a biologically meaningful and
computationally feasible scale for our analyses.

Based on an implicit assumption that tree taxa are differentiated in terms of their life-history
and resource allocation strategies, and therefore respond uniquely to competition from
neighbours, separate sets of nonlinear regression models were formulated for each of 15 focal
tree species (Table 3). This study builds on a tradition of neighbourhood modelling approaches
in which the demographic performance of an individual tree is analysed in terms of the fine-

scale spatial distribution of proximate trees and heterogeneity in the physical environment
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(Canham et al., 2004). The statistical framework is based on the application of maximum-
likelihood principles to estimate model parameters (Edwards, 1992), contrasting the traditional
null-hypothesis testing paradigm that prevails in the dendrochronological literature (Canham
and Uriarte, 2006). As in prior studies (e.g., Buechling et al., 2017; Canham et al., 2006;
Gomez-Aparicio et al., 2011; Korolyova et al., 2022; Uriarte et al., 2010; Valor et al., 2024),
each focal tree species was assumed to have an innate maximum growth potential (i.e. in the
absence of neighbours) that is reduced by competitive interactions with neighbouring trees:
BAI = PG x s(diameter) x v(NCI) 1)

where BAI is annual basal area increment (cm? year™!) at the POM of a given target tree, PG is
maximum potential growth rate in the absence of size or competition effects. The functions s
and v are nonlinear modifiers that scale PG according to stem diameter and neighbourhood
crowding, respectively. PG was treated as a plot-level fixed effect. A unique value for PG was
estimated for each of the nine survey plots to account for site-specific variation in growth
potential. This approach is consistent with prior neighbourhood modelling frameworks
(Buechling et al., 2017; Canham et al., 2006), where plot-specific growth potential is estimated
to capture ecological heterogeneity among sites not explained by the other fixed effects of the
model. Size and competitive effects were scalar variables (values from 0-1) that fractionally

reduced potential growth.

3.4.3.1 Size effects

To quantify the effect of tree size on PG in Eq. 21, a lognormal function was used:

diameter + Xp 2
Xo

Xp

In (
(22)

Size = exp [—0.5 X

where diameter is an annual time series of stem diameter measurements (cm), Xy and X, define

the mode and breadth of the function, and X, is a shift parameter that allows for positive
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intercepts when stem diameter is zero (Canham and Murphy, 2016). The lognormal generates
a unimodal, asymmetrical curve that can fit monotonically increasing, decreasing, or unimodal
data distributions (Canham et al., 2004). For those species (N = 6, Table 4) where the POM of
diameter varied across individual trees due to stem buttressing, the mode and variance of Eq.

22 were allowed to vary as separate Gaussian functions of POM:

2
POM — X
Xo = X} x exp|—05 x <—¢°) (23)
Xb
and
. POM — X3\ *
Xp = X; X exp | =05 X | ———— (24)
b

where POM is the point of measurement of diameter for a given sample tree. The parameters
X ;f, X g and X, and X}, X¢ and X;, determine the height, mode and breadth of a given equation,

respectively.

3.4.3.2 Competition effects
Competition effects were modelled using a nonlinear exponential decay function (vin Eq.

21):
v = exp(—C X BAratio? x NCI%) (25)

where NCI is a neighbourhood crowding index that estimates the strength of competitive effects
on a target tree based on the configuration and density of trees in a neighbourhood (Eq. 27).
The parameters C and o determine the shape of the response in a target tree to variation in NCIL.
The basal area ratio (BAratio) quantifies the relative size of a target tree compared to its
neighbours and is used to adjust the crowding effect in the growth model (Eq. 26). It is defined
as the ratio of the mean basal area of all neighbouring trees (within 15 m) to the basal area of

the target tree:
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1
=Y BA,
BAratiogrger = n> (26)

BAtarget

where BAratiouge 1S the basal area ratio for the target tree, n is the number of neighbouring
trees within 15 m of the target tree, BA; denotes the basal area of neighbouring tree j, and
BA/urge 1s the basal area of the target tree.

The neighbouring crowding index (NCI) in Eq. 25 accounts for both the stem diameter and

proximity of neighbouring trees relative to a target tree:

K

n
(diameter;;)“
NCliargee = ) At ) oo @7

' B
- = (distance;;)

where NClirger 1s the neighbourhood crowding index for the target tree, K is the total number
of neighbour groups (e.g., wood density, shade tolerance, taxonomic classes), 7; is the number
of neighbours in group i located within 15 m of the target tree, diameter;; (meters) is the stem
size of neighbour tree j in group 7, and distance;; (meters) is the horizontal distance between the
target tree and neighbour j in group i. The exponents a and 3 adjust the shape of the effects of
neighbour diameter and distance, respectively.

The competition coefficient (A;) in Eq. 27 scales the aggregated effect of neighbour group i
on the target tree, reflecting differences in competitive ability associated with specific
functional or taxonomic attributes. In prior studies, unique values of A; were estimated based
on the taxonomic identity of the neighbours (Buechling et al., 2017; Canham et al., 2004). Here,
to test whether resource allocation strategies of neighbours influence their competitive ability,
rather than their identity per se, individual neighbour taxa were assigned to homogeneous
attribute classes and unique A; was computed for each class. Independent model fits were
formulated and evaluated with alternate attribute classes. Specifically, models were compared

using: (1) separate A; for K categories of wood density (K=2 or K=3, depending on the focal
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species); (2) unique A; for different guild (shade tolerance) classes (K=3); and (3) separate A;
values for conspecifics, neighbours of the same family as the target tree, and nonfamilial
neighbours (K=3 groups). Additionally, simpler alternate models that treated all neighbour
species as equivalent in terms of their competition potential (i.e., A=1) were fitted.

To capture the full effects of competition on target trees located near plot edges,
neighbourhood conditions outside of plot boundaries were simulated (since those trees were not
measured during field surveys). Adopting methods from Uriarte et al. (2016), hypothetical
populations of trees within 20 m buffer regions surrounding all plot edges were generated. The
simulated buffer populations had a size distribution and species composition equivalent to the
structure and composition of the surveyed trees that were located inside and within 20 m of plot

boundaries. The simulated trees were randomly located within the buffers.

3.4.3.3 Water supply effects
To test whether variation in soil moisture influences the strength of crowding effects from
neighbours, the competition-shape parameter C in Eq. 25 was modelled as a Gaussian function

of soil moisture:

SMI — Q0)2

28
0 (28)

C = Qp Xexp [—0.5 x(

where SMI is a dimensionless soil moisture index describing mean 12-month soil moisture
availability (see Eq. 1), and Qo, O», and Q) describe the mode, breadth, and height of the
function, respectively. This formulation was chosen a priori based on biological expectations
and ecological theory: competition is expected to peak at intermediate moisture levels, where
water availability supports physiological activity and resource uptake, and to decline under
drought or saturated soil conditions, as stress reduces growth and resource demand (Maestre et
al., 2009). Such unimodal responses align with stress gradient theory, which predicts shifts in

plant-plant interactions along environmental gradients (Maestre et al., 2009). By allowing the
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C parameter to vary unimodally with soil moisture, a nonlinear interaction between competition

and water availability was explicitly tested.

3.4.3.4 Model specification and selection
Model parameters were estimated using the maximum likelihood method. A global
optimisation algorithm (simulated annealing, Goffe et al., 1994) was used to determine
parameter values that maximised the log-likelihood of predicting the observed growth rates for
a focal species, given a particular model form (Uriarte et al., 2004b). To quantify uncertainty in
parameter estimates, we computed support intervals for each parameter (Edwards, 1992). These
intervals define the range of parameter values around the maximum likelihood estimates for
which the log likelihood decreases by no more than 2 units. A normal probability density
function (PDF) was used to calculate the likelihood. The PDF was modified to account for
heteroscedasticity in the model residuals by allowing the standard deviation (SD) to vary as a
power function of the mean:
SD =a+GP (29)

where a and b are estimated parameters and G is a vector of predicted growth rates (BAI).

Akaike’s information criterion, penalised for model complexity, was computed to compare
the performance of alternative models (Johnson and Omland, 2004). Model fit was assessed
based on the proportion of variation explained (R?) and prediction bias (slope of the regression
of observed vs. predicted BAI). Regression models were fitted using the /ikelihood package

(version 1.7; Murphy, 2015).
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4. RESULTS
4.1 Drivers of floristic composition, diversity and conservation value
4.1.1 Forest composition and diversity
A total of 3,471 individual trees belonging to 242 species, 166 genera and 50 families were
censused (Table 1; Figure S1.2). The species compositional patterns across forest types varied
strongly and significantly (Figure 2A; p =0.001). The dominant species of each type, according
to the IVI (Table S1.3), included Sterculia tragacantha, Pouteria alnifolia, and Manilkara
obovata in dry forests, Funtumia elastica, Celtis mildbraedii and Sterculia rhinopetala in moist
communities, and Protomegabaria macrophylla, Cynometra ananta, and Carapa procera in
wet types. Bombax buonopozense and Cola gigantea were the only generalists occurring in all
forests. The prevalent dry forest taxa were shade-intolerant, broad-leaved, and deciduous. In
the wet forest, the dominant species were evergreen and shade-tolerant. Moist forest species
having high IVI scores were intermediate in terms of shade tolerance. Community-level
diversity levels, as quantified by Hill numbers, indicated that wet forests had the highest
richness, Shannon diversity, and Simpson’s diversity levels relative to moist and dry types
(Figure 3; Table 1). Moist and dry forests showed comparable levels of Simpson’s diversity.
The RDA results indicate that four soil variables (nitrogen, phosphorus, calcium and
moisture content) together with VPD explained 31.9% of the total variation in species
composition of the communities (Figure 2B). For wet forests, compositional characteristics
were positively associated with nitrogen and negatively with VPD. In contrast, dry forest
composition was positively associated with VPD and negatively with nitrogen. The strongest
drivers of the variation in the composition of moist forests were soil moisture, phosphorus, and

calcium.
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Figure 2: Panel A: NMDS ordination of species abundance data showing clear separation of
subplots into wet, moist, and dry forest types, with 95% confidence ellipses. The stress value
of 0.1 indicates a good model fit. Panel B: RDA biplot illustrating relationships between species
composition (indicated by the “+” sign), subplot (circles), and environmental variables
(arrows). The length and direction of the arrows indicate the strength and influence of
environmental factors on the composition of the species. Environmental variables include soil
moisture (SM), soil nitrogen (SN), vapour pressure deficit (VPD), soil phosphorus (SP), and

exchangeable calcium (SCa).
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Figure 3: Individual-based rarefaction (solid lines) and extrapolation (dashed lines) curves by
forest type for three Hill numbers: q=0 (richness), =2 (Shannon diversity) and qg=3 (Simpson
diversity). The shaded areas represent 95% confidence intervals. Non-overlapping intervals

indicate significant differences in diversity levels across types.

4.1.2 Diversity-climate relations

Species richness (Figure 4) and Shannon diversity measures (Figure S1.4) responded similarly
to variations in environmental factors. Soil moisture was the strongest driver of community
diversity, based on a comparison of univariate models fitted alternately with VPD, temperature,
and soil moisture (Table 2). Soil moisture availability monotonically increased richness and
diversity, while temperature and VPD negatively affected these parameters. The overall best-
supported models, by AIC and R’, included interaction terms (Table 2), suggesting that soil
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conditions modified the effects of temperature and VPD. Specifically, high soil moisture levels

dampened the negative effects of VPD and temperature increases. However, the interaction

terms were not significant (»p>0.05).

Table 2: Summary of the regression results for separate models that estimated the effects of

climate on variation in the measures of community diversity (Shannon and Richness) and the

Conservation Value Index. Model covariates are dry season vapour pressure deficit (VPD),

mean annual soil moisture (SM), mean annual temperature (MAT), and their interactions.

Model covariates AIC AAIC cR? mR? Rank
Species Richness
VPD 1105 22.17 0.74 0.435 6
MAT 1101.14 18.32 0.74 0.544 5
SM 1082.82 0 0.74 0.727 4
VPD + SM 1083.58 0.75 0.74 0.730 3
MAT + SM 1083.29 0.47 0.74 0.731 2
MAT + SM + MAT x SM 1084 1.18 0.742 0.736 1
VPD + SM + VPD x SM 1083.69 0.87 0.742 0.736 1
Shannon Diversity
VPD 189.06 21.8 0.708 0.447 6
MAT 185.99 18.73 0.7 0.551 5
SM 170.96 3.7 0.692 0.66 4
VPD + SM 170.66 3.39 0.691 0.68 3
MAT + SM 170.21 2.94 0.691 0.683 2
MAT + SM + MAT x SM 167.67 0.41 0.692 0.680 1
VPD + SM + VPD x SM 167.26 0 0.693 0.677 1
Conservation Value Index
VPD 1500.92 29.12 0.658 0.383 6
MAT 1499.44 27.64 0.638 0.470 5
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Model covariates AIC AAIC cR? mR’? Rank

SM 1486.29 14.49 0.633 0.570 4
MAT + SM 1483.00 11.20 0.636 0.587 3
VPD + SM 1482.87 11.07 0.638 0.581 2
MAT + SM + MAT x SM 1473.03 1.23 0.639 0.588 1
VPD + SM + VPD x SM 1471.80 0 0.642 0.585 1

Notes: Shown are Akaike’s Information Criterion (AIC), the difference between the AIC of a
given model and the best model (AAIC), marginal R? (mR?) representing the variance explained
by fixed effects, and conditional R? (cR?), accounting for both fixed and random effects. Rank
denotes the model’s importance based on AIC scores within each model series. Models with

nearly equivalent AIC scores (i.e., AAIC < 2) based on marginal R’ values were secondarily

ranked.
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Figure 4: Estimated relationships from GLMMs between species richness and variation in
mean annual soil moisture, dry season vapour pressure deficit (VPD) and mean annual
temperature. Panel A shows the effect of soil moisture while controlling for VPD (fixed at the
observed median level). Panel B shows the estimated association between richness and VPD
for constant (median level) soil moisture. In panel C, temperature effects are shown for two
levels of soil moisture: mesic conditions (blue curve) are the maximum observed moisture
levels and xeric conditions (grey) are the minimum values in the dataset. Panel D shows the
effects of VPD in mesic vs. xeric environments. Separate models were fitted with VPD and
temperature variables, as VPD was highly correlated with temperature. Only the effects of soil

moisture (A) and VPD (B) were statistically significant (p<0.05). Points are the model fitting
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data for three forest types (dry, moist, and wet). Models were fitted with subplot data (n = 225).

The shaded regions delineate 95% confidence intervals.

4.1.3 Conservation rankings and climatic associations

Out of the 242 species identified, 42 were classified as threatened or near threatened. The wet
forest supported the highest number of threatened species (VU = 10, EN = 6) compared to the
moist (VU=11, EN=1) and dry types (VU=4, EN=2; Figure 5A). The wet forest also had the
highest Conservation Value Index (CVI = 156 + 6.55) and a significantly higher rarity score
compared to the moist and dry types (Figure 5B). The global threatened score was lowest in dry
forests and did not differ significantly between moist and wet forests (Figure 5B).

Modelled relationships between the community-level Conservation Value Index (CVI) and
climate demonstrate evidence of interactions. Specifically, in xeric soils, warming temperatures
or increasing VPD were associated with higher CVI scores (Figure S1.5). The conditions of the
mesic soil reversed these trends. However, the coefficients of the interaction terms were not

statistically significant.
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Figure 5: Distribution and conservation status of species for three forest types. (A) number of
species based on their conservation status; (B) Conservation value index (CVI), Global
Threatened score (GTS) and Rarity score (RS). EN, LC, NE, NT, and VU designate IUCN risk
categories Endangered, Least Concern, Not Evaluated, Near Threatened, and Vulnerable,

respectively.

4.2 Biomass growth responses to biotic and abiotic factors

4.2.1 Variation in aboveground biomass increment and environmental conditions

AGBI and environmental conditions differed markedly among the classified forest types
(Figure 6). Dry season soil moisture was lowest in dry forests and did not differ between moist
and wet forests (Figure 6A). Conversely, VPD was highest in dry forests and declined

significantly along the gradient towards the wet coastal forests (p <0.001, Figure 6B). Standing
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AGB was similar in dry and moist forests but significantly higher in wet forests (p < 0.001,

Figure 6C). AGBI was generally highest in moist forests, with lower increment rates observed

in both wet and dry forests (Figure 6D).
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Figure 6: Variation in forest biomass and environmental variables across three forest types.

Violin plots show the distribution of individual plot-year values (2012-2021) for (A) dry season

soil moisture (SM), (B) dry season vapour pressure deficit (VPD), (C) aboveground biomass

(AGB:; standing stock recalculated annually), and (D) annual aboveground biomass increment

(AGBI; annualised rate of biomass change). Coloured points indicate individual plot-year

values, capturing interannual variability. Black points with error bars show model-estimated

means + 95% confidence intervals for each forest type. Different letters denote significant
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differences among forest types based on linear mixed-effects models with post-hoc pairwise

comparisons (emmeans) and the Bonferroni correction (p < 0.05).

4.2.2 Community-level responses of biomass growth to biotic and abiotic variables

Community-level AGBI was influenced by both structural diversity and the combined effects
of soil moisture and VPD (Table S2.1). The best-fitting GAMM (AIC = 418.6; adjusted R? =
54.3) showed that structural diversity increased AGBI across forest types (Figure 7; Table S2.1).
The joint effects of soil moisture and VPD varied markedly among forests (Figure 8). In the dry
forest, although the interaction between soil moisture and VPD was significant (F = 6.67, p <
0.001), predicted growth remained uniformly low, exhibiting only minimal variation across the
gradient (Figure 8A). In the moist forest, the interaction was more pronounced (F = 24.97, p <
0.001): growth was highest under high soil moisture and low VPD, and the reduction in growth
under high VPD was partially mitigated by elevated soil moisture (Figure 8B). In the wet forest,
the strongest interaction (F = 48.98, p < 0.001) was observed, with peak growth occurring at
intermediate soil moisture and VPD levels, but declining at higher soil moisture, even when

VPD remained low (Figure 8C).
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Figure 7: Partial effects of structural diversity on community-level aboveground biomass
increment (AGBI; Mg ha! yr'!) across dry, moist and wet forests. Predictions were derived
from Generalised additive mixed-effect models (GAMMs), with soil moisture index and vapour
pressure deficit held at their median values. Predicted AGBI values were back-transformed

from the modelled sqrt (AGBI) scale. Shaded regions represent 95% confidence intervals.
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Figure 8: Model-estimated aboveground biomass increment (AGBI; Mg ha! yr!) at the
community level as a function of the interaction between soil moisture and vapour pressure
deficit across dry, moist, and wet forests. Soil moisture is expressed as a dimensionless index
of below-ground water availability (Eq. 1). Interaction surfaces are predictions from the best-
fitting generalised additive mixed-effects model (GAMM; n = 2203), with other covariates held
at their median values. Predicted AGBI values were back-transformed from the modelled sqrt
(AGB]I) scale and plotted using a common colour scale gradient across panels, with lighter to
darker colours indicating increasing AGBI. Contour lines represent predicted growth levels.
Note that axes show the observed predictor ranges for each forest type; surfaces therefore reflect

within-forest responses rather than directly comparable thresholds across forests.

4.2.3 Species-level responses to biotic and abiotic factors

Across the 15 tree species studied, aboveground biomass growth was best explained by models
that incorporated tree size (DBH), neighbourhood competition, and the joint effects of soil
moisture and VPD (Table S2.2). While DBH consistently emerged as a significant predictor in

all models, the importance of environmental and competitive effects varied among species. The
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variance explained by the best-fitting model for each species ranged from 0.19 to 0.79 (Table
S2.2). Estimated concurvity among model terms was low (< 0.5), indicating limited collinearity

among predictors.

4.2.3.1 Tree size and competition effects
Predicted biomass growth increased with DBH across all focal species, with no evidence of
declines at larger sizes (Figure 9). However, the shape and steepness of this relationship differed
among taxa. Some species (e.g., Heritiera utilis, Sterculia rhinopetala, Triplochiton
scleroxylon, Protomegabaria macrophylla, and Nesogordonia papaverifera) showed a strong
monotonic increase in growth with DBH, while other species (e.g., Celtis mildbraedii, Celtis
zenkeri, Cynometra ananta and Erythrophleum suaveolens) demonstrated more gradual growth
across the DBH range.

Responses to neighbourhood competition also varied (Figure S3.1). Some species exhibited
a potential for higher rates of biomass growth with increasing levels of neighbour crowding
(e.g., Carapa procera, Celtis zenkeri, Nesogordonia papaverifera), while growth capacity in
several other taxa (e.g., Celtis mildbraedii, Protomegabaria macrophylla, Sterculia
rhinopetala, Triplochiton scleroxylon, Sterculia tragacantha, Pouteria alnifolia) declined with
increasing competition. A few species, including Heritiera utilis and Cynometra ananta

exhibited a hump-shaped response, with growth peaking at intermediate competition levels.
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Figure 9: Partial effect of tree diameter at breast height (DBH) on predicted annual

aboveground biomass growth at the individual tree scale for 15 tree species. Predictions are

based on the best-fitting generalised additive models for each species, incorporating DBH,

competition and environmental covariates. Shaded ribbons represent 95% confidence intervals.
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All other predictors were held constant at their species-specific median values. Predicted
growth estimates were standardised relative to each species' maximum value to allow

comparison of response shape across species.

4.2.3.2 Species-specific responses to environmental interactions

The focal species showed distinct growth responses to the combined effects of VPD and soil
moisture (Figure 10). Across all taxa, relative biomass growth increased with higher soil
moisture and declined with rising VPD, but the magnitude and shape of these relationships
varied among species. In the dry forest, species showed a wide range of drought response
strategies (Panels A—D). Erythrophleum suaveolens was arguably the most tolerant of water
limitation (Panel C), exhibiting a relatively high growth potential regardless of soil water levels
or VPD. This species was only constrained under the joint effects of very high VPDs and
saturated soils. Pterocarpus erinaceus, on the other hand, was extremely sensitive to the effects
of water stress imposed by soil conditions and the atmosphere (Panel D). The two other dry
forest species were mainly inhibited in environments where the effects of low soil water were
amplified by high evaporative demand (Panels A, B).

Biomass production of the moist forest taxa was generally constrained when the effects of
high VPD were intensified by low water availability, indicating that simultaneous atmospheric
and soil water stress heightened growth limitations (Panels E-J). However, greater soil water
supplies partially mitigated the negative effects of high VPD in some species (Panels E, F, H,
I, J), although this compensatory effect was weak in others (Panel G). In the wet forest, species
showed contrasting growth responses to the joint effects of soil moisture and VPD (Panels K—
O). Protomegabaria macrophylla and Strephonema pseudocola exhibited maximum biomass
production under low VPD combined with below-average soil moisture, with growth potential

decreasing as either VPD or soil moisture increased (Panels K, N). In contrast, Heritiera utilis
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showed strong reductions under dry soils and high VPD, but growth improved consistently with

rising soil moisture and remained relatively high even at elevated VPD (Panel O).

(A) Stercufia tragacantha
~ - 2

Vapour Pressure Deficit

1.0 05 05 1.61.0 05 _u. Y 1010 05 00 0.5 10
Soil Moisture Index

Relative biomass growth ———
(0-1 scaled) 0.00 0.25 0.50 0.75 1.00

Figure 10: Interactive effects of dry season soil moisture index (SMI) and vapour pressure

deficit (VPD) on predicted aboveground biomass growth for all focal species (A—O), estimated
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using generalised additive mixed-effect models (GAMMs). Panels are grouped by forest type
(dry: A—D; moist: E-J; wet: K—O). Predictions were generated across the standardised (z-score)
ranges of SMI and VPD, with other covariates fixed at their median values. The colour gradient
represents relative growth, rescaled to range between 0.0 (minimum) and 1.0 (maximum
potential growth) within each species. Darker shades indicate higher growth, while lighter

shades indicate lower growth. White contour lines show iso-growth curves.

4.3 Role of tree size, functional attributes and water availability in mediating competitive
interactions

Seven alternative growth models were tested for the 15 most common tree species in the survey
plots. The models explained 16-68% of observed growth variation, depending on species
(Table 4; Figure S3.2). All models produced unbiased estimates of growth. Based on
information theory, the best-supported models for all focal species accounted for the

independent effects of target tree size and neighbour competition.
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Table 3: Mean biological and environmental attributes of the 15 focal tree species (5" and 95" percentiles in brackets).

* Forest type

Biological attribute

Species Famil Wood Diameter Neighbour Rainfall
(Acronym) Y Dry — Moist ~ Wet ;. ., fLeaf der?s(i) ty (cm) densityl (mm yr'')
0, 0 0, -
%) (%) (%) phenology o) (trees ha™)

Carapa procera Meliaceae 0 3.8 96.2 ST E 0.604 14.8 439 2064
(CARAP PROC) (10.4, 58.3) (212, 736) (1755, 2484)
Celtis mildbraedii Ulmaceae 0 100 0 ST E 0.594 21.3 594 1238
(CELTI MILD) (11, 58.4) (368, 835) (932, 1486)
Celtis zenkeri Ulmaceae 0 100 0 NPLD D 0.609 18.8 707 1238
(CELTI ZENK) (11.1,33.4) (368, 905) (943, 1500)
Cynometra ananta Leguminosae 0 0 100 ST E 0.830 51.8 460 2069
(CYNOM ANAN) (12.3,72.2) (297, 665) (1823, 2511)
Erythrophleum suaveolens Leguminosae 100 0 0 NPLD D 0.873 41.7 156 1099
(ERYTH SUAYV) (19.0, 69.1) (71, 255) (855, 1426)
Funtumia elastica Apocynaceae 0 100 0 NPLD D 0.424 14.2 651 1196
(FUNTU ELAS) (10.4, 25.7) (354, 849) (943, 1500)
Heritiera utilis Malvaceae 0 0 100 NPLD E 0.480 20.7 439 2008
(HERIT UTIL) (11.2,71.8) (293, 764) (1070, 2484)
Nesogordonia papaverifera Sterculiaceae 0 100 0 ST E 0.645 21.6 622 1217
(NESOG PAPA) (11.6,50.4) (368, 863) (932, 1486)
Pouteria alnifolia Sapotaceae 100 0 0 P D 0.555 19.6 226 1078
(POUTE ALNI) (11.9,40.1) (113, 354) (855, 1426)
Protomegabaria macrophylla Euphorbiaceae 0 0 100 ST E 0.602 17.9 439 2064
(PROTO MACR) (10.9, 44.7) (297, 693) (1823, 2484)
Pterocarpus erinaceus Leguminosae 100 0 0 P D 0.740 253 184 1140
(PTERO ERIN) (12.6, 50.9) (85, 325) (871, 1436)
Sterculia rhinopetala Sterculiaceae 0 100 0 NPLD D 0.673 15.1 665 1238
(STERC RHIN) (10.6, 40.3) (424, 877) (926, 1471)
Sterculia tragacantha Sterculiaceae 85.8 14.2 0 P D 0.514 20.5 283 1140
(STERC TRAG) (11.6, 45.9) (127, 736) (871, 1436)
Strephonema pseudocola Combretaceae 0 0 100 ST E 0.633 27.4 424 2065
(STREP PSEU) (11, 58.0) (297, 653) (1823, 2484)
Triplochiton scleroxylon Sterculiaceae 0 100 0 P D 0.335 38.1 608 1238
(TRIPL SCLE) (12.7,109.7) (354, 874) (932, 1485)
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Notes: * Dry, Moist and Wet show the proportional distribution (%) of trees by species across forest types. T Guild classes reflect shade tolerance:
NPLD = non-pioneer light demanders; P = Pioneer species; ST = shade-tolerant (see Hawthorne, 1995). * D and E denote deciduous and evergreen

species, respectively. Diameter, neighbour density and rainfall are mean values with 5" and 95" percentiles in brackets.
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Table 4: Model selection criteria based on AIC scores (penalised for model complexity). Shown are differences in the AIC of a candidate model

(7) relative to the minimum AIC in a species-specific set of models (Ai = AIC; — AICmin).

AAIC for alternate models Best model statistics
Species Sample Bigger
size Null Size ree Neutral ~ Taxonomy Guild Density Np Bias R?

TProtomegabaria macrophylla 1162 1288.1 166.2 0 80.2 72.9 202.4 52.4 16 1.12 33.1
Strephonema pseudocola 478 543.5 40.3 0 28.1 21.3 14.4 30.2 12 1.04 27.4
T Celtis mildbraedii 2144 34494 155.9 106.3 118.6 22 0 75.1 22 1.08 54.1
Erythrophleum suaveolens 190 158.4 41.2 3 19.1 0 0 11.2 18 1.03 443
Sterculia rhinopetala 1444 1771.6 116.6 79.9 1.6 6.2 0 4.9 18 1.12 443
Sterculia tragacantha 984 444.8 131.3 85.6 14.9 4.7 0 19 21 0.99 24.7
Carapa procera 523 431.4 53.8 313 28.1 0 24.6 1.9 19 1.1 36.0
Celtis zenkeri 805 526.8 127.7 152 92.6 0 76.3 54.3 18 1.03 27.4
TCynometra ananta 546 644.7 27 17.5 6.9 10.4 6.9 0 21 1.01 36.4
Funtumia elastica 3031 1479.7 4347 365.8 262.4 158 110.8 0 17 0.98 17.5
T Heritiera utilis 515 916.5 155.8 55 21.5 26.1 8 0 24 1.19 63.8
TNesogordonia papaverifera 876 928.4 111.5 54.4 53.7 30.3 38.4 0 21 1.02 43.5
Pouteria alnifolia 546 245.2 56 32.7 29.6 11.3 15.3 0 18 0.99 16.3
Pterocarpus erinaceus 236 320.1 43.2 4.4 4.1 10.7 10.9 0 16 0.97 40.6
TTriplochiton scleroxylon 585 1331 272 222.2 109 110.2 127.5 0 22 1.08 68.1
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Notes: "Models account for differences in the height of diameter measurements (POM, see methods). Sample size refers to the model fitting datasets
(trees x years). AAIC for the best model is zero (bolded). Covariates in alternate models: Null = fit with a single mean value, Size = neighbour
diameter only, Bigger tree = competition index based on a simple count of larger neighbour trees, Neutral = equivalent competitors, Taxonomy =
competitors classified by identity (3 classes: conspecifics, within family and others), Guild = competitors classified by shade tolerance (3 classes),
Density = competitors classified by wood density (2 or 3 classes depending on focal species). * NP is the number of model parameters. Bias is

derived from the slope of observed vs predicted growth.
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4.3.1 Effects of wood density and shade tolerance

The findings from this study generally reject the hypothesis of equivalent neighbour effects on
competition dynamics. By model selection (Table 4), competition outcomes for most focal
species (13 of 15) were influenced by biological attributes related to the life-history or resource
allocation strategies of their neighbours, such as wood density, shade tolerance, or their
taxonomic identity. Only two focal taxa (Protomegabaria macrophylla and Strephonema
pseudocola) were insensitive to any of the modelled attributes of their neighbours, and only
responded, in terms of a growth reduction, to the density of larger neighbour trees in their
vicinity (within 15 m). The wood density of neighbouring trees modulated competitive
interactions for almost half of the focal taxa (7 of 15), controlling for other factors (Table 4). In
most cases, neighbour trees with comparatively dense wood were stronger competitors than
neighbours with softer or lower wood density (Figure 11A and B). There were two exceptions,
as Nesogordonia papaverifera and Pouteria alnifolia were relatively more sensitive to
neighbours with low-density wood. Competition in four of the focal species was influenced by
the shade tolerance ability of neighbours. Shade-tolerant neighbours were consistently stronger
competitors relative to light-demanding species (pioneers, Figure 11C and D). Competition
outcomes for the remaining two focal species were influenced by the taxonomy, but not the
resource allocation strategies of the neighbours. For these focal taxa, conspecific neighbours

were stronger competitors relative to trees from other species or families (Figure 11E and F).
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Variation in Competitive Effect
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Figure 11: Predicted stem growth in a 30 cm tree for 13 focal species that were sensitive to the

biological attributes (i.e. resource allocation strategies) or taxonomy of their neighbours. The

best-supported species-specific models (Table 4) were used in these analyses. The response

variable is the proportional reduction in maximum potential growth. A standardised crowding

index accounts for observed variation in the configuration, density and biological attributes of

the neighbouring trees. Growth reductions for each species were predicted under two alternate

neighbourhood scenarios: (1) neighbours with dense vs. soft wood (A and B); (2) shade-tolerant

vs. light-demanding neighbours (C and D); and (3) conspecific vs. neighbours from other

families (E and F). Soil moisture was fixed at the observed mean level for a species.
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4.3.2 Moisture, tree size and wood density interactions

Competitive outcomes were regulated by a composite of factors. The strength and shape of
these relationships were highly species-specific. For some species (N = 6), moisture limitation
independently amplified crowding effects from neighbours, controlling for tree size and trait
variation. For example, for a constant density and configuration of neighbours (Crowding
index, Eq. 27), potential growth in a 30 cm target tree was progressively reduced along a
gradient of decreasing moisture supply and minimised in dense stands and xeric soils (Figure
S3.3). Responses in a target tree to neighbourhood crowding effects also depended on tree size.
For most focal species (N=9), 10 cm trees were more sensitive to increasing levels of crowding
relative to 50 cm individuals, regardless of moisture availability or trait effects (Figure 12A vs.
12D and Figure 12C vs. 12F).

More generally, however, competitive outcomes were determined by the nonadditive effects
of target tree size, levels of neighbourhood crowding, the resource allocation strategies of
neighbours, and moisture conditions. For example, size-dependent variation in a target tree’s
response to crowding was modified by soil moisture supply. For most focal species (N=10), 10
cm target trees in xeric environments were substantially more sensitive to elevated crowding
levels relative to 50 cm trees in mesic soils (Figure 12B vs. 12F). However, for a few species
(e.g., Sterculia tragacantha and Funtumia elastica), 50 cm trees showed greater sensitivity to
neighbourhood crowding than 10 cm trees under xeric conditions (Figure 12A vs Figure 12D).
Notably, for these same species, larger trees in wetter conditions were more sensitive to
crowding increases relative to smaller trees in xeric sites (Figure 12A vs. Figure 12F). Variations
in plant strategies additionally mediated the shape of these relationships. Neighbours having
attributes that enhanced their competitive ability (high wood density, shade tolerance, or

conspecifics) magnified the negative effects of crowding on small trees in moisture-limited
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environments (Figure 12A vs. Figure 12F). Again, the shape and magnitude of these responses

varied substantially among focal species.

Variation in Competitive Effect

CARAP PROC CYNOM ANAN
CELTI MILD ERYTH SUAV
CELTI ZENK FUNTU ELAS

(A) 10 cm, Xeric, Strong

HERIT UTIL
NESOG PAPA
POUTE ALNI

(B) 10 cm, Xeric, Ave

PTERO ERIN
STERC RHIN

=== STERC TRAG

(C) 10 cm, Mesic, Ave

= === TRIPL SCLE

1.0 { =g ————a. ————ia. 1.0
~ e TR
\‘. ‘\ -~ e ‘\ -~ —
N Y S . S
" \ ¢, Sy & S~
AN : s
0.5 4 L ' N \ 0.5
' \ < s
[} . . LY
I‘ \ \‘ \\
L K "\‘ "\‘
0.0 T \- — .l'-= T T T T T T - - 0.0
0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9
(D) 50 cm, Xeric, Strong (E) 50 cm, Xeric, Ave (F) 50 cm, Mesic, Ave
1-0"\ =S e W ~N T e 1.0
o\ N\ S AN S
1] . \ h. \ hl
\ * \ \
L] " L 1 .
054 1 B \ \ L 0.5
\ A\ ‘\ ‘\
) 1 \ \
\ \ s .
‘\ \s \h
0.0 1 N —— — ——— === =100
0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 09

Standardized Crowding Index

Figure 12: Predicted competitive effects on growth for 13 focal species as a function of tree

size, soil moisture conditions and the allocation strategies of the neighbours. The competitive

effect (y-axis), calculated from Eqs 25-28, represents the expected proportional reduction in

maximum potential growth in a target tree (10 or 50 cm diameter) due to observed variation in

the density and configuration of neighbour trees (crowding index) under three alternate soil

moisture and neighbour trait scenarios: (1) xeric sites and strong competitors (A and D), (2)

xeric sites and average strength competitors (B and E), and (3) mesic sites and average strength

competitors (C and F). The crowding index (x-axis) was scaled by the maximum observed value

for each species to facilitate comparisons among species. Moisture conditions were set using
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percentiles: xeric and mesic were defined by the 5% and 95" percentiles of observed soil

moisture. Competitor strength was set by trait level (e.g., average vs. high wood density class).
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5. DISCUSSION

5.1 Drivers of floristic composition, diversity and conservation value

5.1.1 Community composition, diversity and environmental associations

The findings from this study revealed significant differences in species assemblages along the
wet-to-dry forest gradient, underscoring the distinct ecological characteristics of each forest
type (Figure 2A). The observed compositional patterns align with previous classifications of
tree assemblages (Hall and Swaine, 1981), further emphasising the uniqueness of these
communities. Notably, only two species were common to the three forest types, indicating that
most tree taxa are confined to specific niches and may be sensitive to environmental changes.
Variation in tree community composition was strongly driven by soil nutrients and climatic
factors, consistent with findings from other tropical regions (Esquivel-Muelbert et al., 2018;
Peguero et al., 2023). Nitrogen, phosphorus, calcium, soil moisture and VPD were key factors
influencing species composition across the gradient, highlighting the importance of soil fertility
and climatic conditions in structuring tropical forest communities. In the moist forest, soil
moisture, calcium and phosphorus significantly influence species composition. The nutrient-
rich and consistent moisture supply in this forest supports species assemblages by promoting
growth, survival, and regeneration (Herms and Mattson, 1992). Calcium is essential for root
development and nutrient transport, while phosphorus is critical for energy transfer, creating
optimal conditions for species with varying nutrient demands (Gang et al., 2023; White, 1998).
The combined influence of these nutrients and soil moisture facilitates niche differentiation,
allowing various species to coexist by exploiting different resources or adapting to specific
microhabitats (Tilman, 1982). Furthermore, higher nitrogen availability in the wet forest
positively influenced species composition, underscoring its role in shaping community
assembly (LeBauer and Treseder, 2008; Pefia-Claros et al., 2012). These findings reinforce the

importance of soil fertility in determining plant species distributions in Ghanaian tropical
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forests and further elucidate the role of edaphic factors in shaping species composition (Swaine,
1996).

Species diversity varied strongly among forest types, with higher levels observed in wet
forests and a declining trend toward dry sites (Figure 3). These results suggest that climate is a
central driver of species diversity. The marked differences in soil moisture, temperature, and
VPD influenced the diversity potential across forest types. Species richness and Shannon
diversity increased with soil moisture and declined with elevated VPD (Figure 4A, B & S1.4A,
B), consistent with prior research identifying water limitation as a primary constraint on tree
species diversity in tropical systems (Abbasi et al., 2022; Aguirre-Gutiérrez et al., 2020;
Esquivel-Muelbert et al., 2019). Furthermore, this study provides evidence of feedback
mechanisms between VPD and soil water storage. Specifically, in mesic soil environments,
community richness and diversity were maintained regardless of temperature conditions or
severity of VPD (Figure 4C, D & S1.4C, D). In contrast, in more xeric soils, richness and
diversity were comparatively lower and were increasingly reduced by warming trends or a
drying atmosphere. These findings support the hypothesis that soil water storage may serve as
a resource that ameliorates hydraulic stresses in trees during periods of low humidity and high
evaporative demand, thus promoting plant survival (Liu et al., 2020).

The potential moderating effect of below-ground resources on the impacts of atmospheric
droughts has implications for the resilience of communities in the face of climate change.
Although dry forests are associated with lower biodiversity levels relative to wet forests, they
are often characterised by a prevalence of drought-resistant taxa (Aguirre-Gutiérrez et al.,
2019). The results of this study similarly suggest that dry community species are tolerant of
seasonally high VPD (Figure 2B). Functional traits, such as narrow vessel conduits that are
resistant to cavitation or active stomatal regulation to limit evaporative water loss from leaves

(Tyree and Sperry, 1989), are most commonly associated with drought tolerance and a
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consequent stability of communities in dry environments (Fauset et al., 2012). However, fitted
models suggest that soil water effects may enhance the resilience of wet and moist forests,
where high precipitation inputs contribute to elevated water storage (Table 2). Given the non-
significant interaction terms (p > 0.05) in the model due to the limited sample size, further large-
scale studies are necessary to corroborate these findings and explore the complex dynamics

between climate factors and forest community diversity.

5.1.2 Conservation rankings and climate associations
The presence of globally threatened and near-threatened species across forest types accentuates
the conservation importance of these ecosystems. This study provides evidence that climate
influences the viability of vulnerable taxa. Models indicate that the number of at-risk species,
quantified by the Conservation Value Index (CVI), was jointly affected by VPD, soil water, and
temperature. Notably, CVI scores increased with rising temperatures or elevated evaporative
demand, particularly when soil water storage was low (Figure S1.5 A-B). This suggests that
under conditions of reduced moisture availability, warming temperatures contribute to a higher
incidence of vulnerable species. In contrast, high soil water mitigated the negative effects of
other climate stressors, decreasing the number of vulnerable taxa. The confidence intervals
around these modelled relationships were wide, reflecting uncertainty in model outcomes and
a need for additional research. Nevertheless, our results suggest that the impacts of above and
below-ground factors have the potential to non-additively influence the viability and local
extinction risk of species.

The potentially moderating effect of soil water storage on climate stress suggests that high-
rainfall environments might be associated with fewer vulnerable species. However, the datasets
show that the wet and moist forests contained more at-risk species than dry types (Figure 5A).

The precise driver of these patterns is unclear. Low soil nutrient availability may be
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hypothesised to negatively affect plant function and species fitness (John et al., 2007), which
could lead to a higher concentration of endangered species. Although nutrient levels were low
in wet forests, presumably due to high leaching rates, nutrient supplies were greater in moist
forests than in other types (Table 2). Therefore, the underlying factors driving these patterns

require further study.

5.2 Biomass growth responses to biotic and abiotic factors

5.2.1 Community-level responses of aboveground biomass increment to biotic and abiotic
variables

Both aboveground standing biomass and biomass production rates exhibited contrasting
patterns across forest types. The steep climatic gradient of the study area likely imposes varying
levels of physiological constraints on biomass accumulation, consistent with classic water
limitation theory in tropical forests (Givnish, 1999). The magnitude of aboveground biomass
stocks was similar in moist and dry forests, but substantially higher in the wet forest, suggesting
that rainfall and humidity may mediate these patterns (Moore et al., 2018). However, biomass
growth was highest in the moist forest, indicating that productivity does not scale linearly with
biomass stock or total water supply. This suggests that the intermediate moisture conditions in
moist forests optimise growth by balancing resource availability and stress. These conditions
support more dynamic biomass accumulation than in wet forests, where dense canopies and
high biomass may limit growth through self-shading and density-dependent effects.
Productivity is also reduced in dry forests, where water limitation constrains growth. The results
obtained in this study align with recent research showing that forest productivity and carbon
dynamics can vary substantially along environmental gradients as a consequence of complex

interactions between abiotic conditions, resource supply and the biological attributes of the
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plant communities (Matsuo et al., 2025; Moore et al., 2018; Poorter et al., 2017; Zhang-Zheng
et al., 2024).

Community-level responses to soil moisture and VPD further highlight the contrasting
growth dynamics across forest types. In the dry forest, predicted growth remained uniformly
low across the full range of soil moisture and VPD, showing only modest declines under higher
VPD. High VPDs increase evaporative demand, which induces stomatal closure to minimise
water loss and to reduce the risk of hydraulic failure (Grossiord et al., 2020; Sulman et al.,
2016). This response limits photosynthetic production and the carbohydrates needed to support
growth. Plant water stress (low water potentials in plant tissues) due to excessive transpiration
fluxes through leaves can also affect growth processes directly by limiting cellular enlargement,
which is strongly dependent on adequate turgor pressure (Fatichi et al., 2016; Peters et al.,
2023). Literature evidence suggests that cambial growth is more sensitive to water shortages
relative to photosynthetic processes (Fatichi et al., 2014; Herms and Mattson, 1992). Together,
these mechanisms may explain the strong levels of growth suppression observed in dry forests,
consistent with broader evidence from other studies showing that increasing VPD reduces
tropical forest productivity and pushes trees closer to hydraulic thresholds beyond which plant
performance is compromised (Allen et al., 2017; Novick et al., 2016; Yuan et al., 2019).

In the moist forest, biomass growth was less sensitive to VPD, suggesting that higher
baseline soil water availability in this community partially buffers the effects of atmospheric
demand (Figure 8B). Sufficient water supply reduces hydraulic resistance within the soil-plant
continuum, supporting stomatal conductance and photosynthesis under moderate atmospheric
stress (Konings and Gentine, 2017; McDowell et al., 2020). Additionally, higher levels of
species richness and functional diversity may contribute to a stabilisation of productivity, as
coexisting species likely differ in their sensitivity to drought and strategies of water use

(Aguirre-Gutiérrez et al., 2020). These factors likely explain why the moist forest showed the
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highest biomass growth despite having similar biomass levels relative to the dry forest.
Nonetheless, extreme VPD or prolonged drought could constrain biomass accumulation by
amplifying the synergistic effects of soil water deficits and atmospheric evaporative demand
(Liu et al., 2020; Wang et al., 2025). These findings align with prior studies demonstrating that
growth sensitivity to VPD is modulated by soil moisture availability (Sulman et al., 2016; Wen
etal., 2023).

The wet forest showed the highest growth under intermediate soil moisture and low-to-
moderate VPD, showing that moderate levels of soil drying can enhance productivity by
reducing the negative effects of saturated or waterlogged soils in these high rainfall
environments. Growth declined sharply under high VPD, even when soil moisture was non-
limiting, reflecting the strong constraints of atmospheric drought (Grossiord et al., 2020;
Novick et al., 2016). Excessive soil moisture (waterlogging) may induce oxygen limitation in
the rhizosphere, limiting root respiration and nutrient uptake (Jackson and Colmer, 2005;
Kozlowski and Pallardy, 1997). These patterns indicate that while the wet forests may benefit
from moderate amounts of drying, they remain highly vulnerable to both intensifying
atmospheric drought and prolonged soil saturation, as expected under scenarios of future
climate change (Novick et al., 2016; Phillips et al., 2009).

Structural diversity was also consistently associated with increased biomass growth across
all forest types, underscoring the important role of architectural heterogeneity. Structurally
complex stands improve light interception across vertical and horizontal strata, reduce
competition, and facilitate complementary use of water and nutrients (Danescu et al., 2016;
Sapijanskas et al., 2014). In the moist forest, where structural diversity was highest and
environmental stress moderate, these mechanisms allowed trees to exploit available resources,
resulting in the strongest positive effects on biomass growth. Empirical evidence across tropical

and temperate forest regions corroborates these findings, showing that structural diversity often
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explains variation in aboveground biomass and growth potential (Mensah et al., 2023; Ouyang

et al., 2021; Skiadaresis et al., 2025).

5.2.2 Species-level responses of biomass growth to tree size and competition

The results from this study demonstrate that tree size is a strong predictor of aboveground
biomass growth, with the strength and curvature of this relationship varying among species
(Figure 9). Across all taxa, growth increased monotonically with DBH, with no evidence of a
threshold response at large stem sizes, at least within the range of the model-fitting datasets.
For example, some species (e.g., Heritiera utilis, Triplochiton scleroxylon, Sterculia
rhinopetala) exhibited steeply accelerating growth trajectories, whereas Celtis zenkerii and
Funtumia elastica displayed more modest, approximately linear increases in growth with size.
These differences align with the divergent functional strategies of taxa, highlighting strong links
between demographic performance and life-history trade-offs. The strong growth acceleration
of pioneer species with soft wood (e.g., Triplochiton scleroxylon) likely reflects resource
strategies that promote rapid carbon gain in high-light environments. High-density, shade-
tolerant species (e.g., Strephonema pseudocola) exhibited more gradual growth increases with
stem size, aligning with conservative resource-use strategies that prioritise structural support
and longevity over rapid biomass accumulation (Poorter et al., 2010). However, other species
deviated from these expectations: Cynometra ananta, a dense wooded, shade-tolerant species,
displayed accelerating growth, while Pouteria alnifolia, a pioneer, grew more conservatively.
These anomalies emphasise that wood density and functional classification capture part of the
variation in size-growth relationships, but additional traits, such as crown architecture, leaf
economics, and rooting depth, may further shape growth responses (Herault et al., 2011;
Lohbeck et al., 2015; Poorter et al., 2014, 2018). Future studies linking demographic patterns

with these traits will help clarify the mechanisms underlying these interspecific differences, as
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suggested by multi-trait frameworks (Kunstler et al., 2016; Markesteijn et al., 2011; Poorter et
al., 2018).

The observed responses of large trees reinforce their role as critical contributors to forest
productivity (Lutz et al., 2018; Stephenson et al., 2014). Ontogenetic shifts in resource
allocation likely drive this pattern: small understorey trees prioritise height growth to access
light, while larger canopy trees benefit from increased light availability, facilitating greater
investment in diameter and biomass growth (Newbery and Ridsdale, 2016; Rozendaal and
Zuidema, 2011). It is noted that evidence for a unimodal response of growth to size was not
detected, although such a pattern has been reported elsewhere (Forrester, 2021; Weiner and
Thomas, 2001). A more extensive dataset that captures the dynamics of a larger range of tree
sizes may be needed to uncover thresholds or performance peaks in these species.

Responses to neighbourhood competition were highly species-specific (Figure S2.2). Some
species maintained growth under increasing levels of crowding, suggesting either a tolerance
of competition or the presence of facilitative interactions that are potentially mediated by trait
complementarity (Briddon et al., 2025; Brooker et al., 2008). Other species exhibited declining
growth with increasing competition, consistent with classical theories of resource limitation
(Tilman, 1982). A subset of species (Heritiera utilis, Cynometra ananta) displayed hump-
shaped responses, with growth peaking at intermediate competition before declining. Such
patterns suggest a balance between facilitative and inhibitory processes, whereby moderate
neighbour densities reduce stress, but higher crowding levels intensify resource limitation
(Bertness and Callaway, 1994; Maestre et al., 2009). These findings suggest that aboveground
biomass growth is shaped by divergent life-history and resource-use strategies among taxa that
differentially mediate size and competitive effects, underscoring the importance of trait

diversity for sustaining forest productivity under changing environmental conditions.
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5.2.3 Species-specific responses to environmental interactions
Species-level growth responses to the interactive effects of soil moisture and VPD were
individualistic, reflecting variation in water sensitivity and ecological strategies. These patterns
support our hypothesis that VPD broadly limits growth, but its effects are modulated by soil
water availability in species-specific ways. In the dry forest, species-specific responses revealed
contrasting drought strategies among dominant taxa, likely contributing to the overall growth
suppression observed at the community level. The dry forest species were, in general, tolerant
of low soil water availability, in terms of biomass growth (Figure 10A-D), but responded
differentially to the combined effects of variation in soil water supply and atmospheric moisture
demand. For example, Erythrophleum suaveolens was tolerant of both low soil water and high
VPD (Figure 10C), while Sterculia tragacantha and Pouteria alnifolia maintained a positive
growth capacity only when high VPDs were slightly buffered by high soil water content (Figure
10A-B). Pterocarpus erinaceus was particularly sensitive to above-average soil water supply,
irrespective of atmospheric conditions (Figure 10D). These differences in the growth
performance of species are consistent with ecological theory that predicts hydraulic trade-offs
between drought tolerance and water-use efficiency (Anderegg et al., 2018; Martinez-Vilalta
and Garcia-Forner, 2017). Drought-tolerant species may sustain growth under moderate soil
moisture deficits through conservative water use and enhanced levels of hydraulic safety,
whereas less stress-tolerant species maximise growth under favourable moisture conditions but
are more sensitive to resource shortages (Blackman et al., 2019; Chen et al., 2022; de Souza et
al., 2020). These contrasting strategies help explain why some species, especially those with
conservative life-history strategies, can maintain positive rates of biomass accumulation despite
substantial water limitations.

In the moist forest communities, species exhibited comparatively uniform responses to

variation in water supply and demand. In general, most species exhibited maximum growth
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performance under conditions of average, or in many cases, above-average soil moisture
content (Figure 10E-J). High VPDs generally reduced growth potential, particularly when soil
water availability was below the prevailing average level. Moist forest species differed in the
extent to which soil water can buffer the negative effects of high atmospheric demand. The
observed patterns align with literature evidence that elevated VPD generally leads to stomatal
closure to reduce conductance and water loss to the atmosphere, but this subsequently inhibits
photosynthetic carbon gain. The degree to which the behaviour of leaf stomata is regulated is
known to vary among species (Grossiord et al., 2020; Novick et al., 2016). These physiological
differences among species may buffer whole communities to climatic stress and promote a
maintenance of biodiversity and function, whereby drought-resilient taxa sustain productivity
under elevated VPD, while more sensitive species maintain performance only when resource
supplies are not strongly limiting (Yachi and Loreau, 1999). However, recent trait-based
research indicates that prolonged increases in VPD can also alter hydraulic functioning and
selectively favour species with attributes that facilitate a tolerance of high levels of evaporative
demand (Aguirre-Gutiérrez et al., 2025b; Zhang-Zheng et al., 2025). Over time, such
environmental filtering may shift community composition toward drought-tolerant
assemblages, with implications for the continuity of forest structure and function across tropical
resource gradients (Aguirre-Gutiérrez et al., 2025a, 2019; Fauset et al., 2012).

Wet forest taxa also demonstrated contrasting biomass responses to the combined gradients
of soil moisture and VPD, again reflecting diverse hydraulic strategies and a differential
tolerance to atmospheric and soil water stress. Several species showed peak biomass
accumulation at below-average soil water levels under low VPD, indicating a sensitivity to
saturated soil conditions and dependence on well-aerated substrates that support root function
and metabolic activity (Figure 10K, M, N). These responses are consistent with research

showing that species are adapted or acclimated to microhabitats experiencing periodic drying
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within otherwise wet landscapes, where short-term declines in soil moisture alleviate chronic
hypoxia and improve belowground plant functioning (Jackson and Colmer, 2005; McDowell et
al., 2008). The pronounced decline in biomass growth at elevated VPD for some species further
indicates a hydraulically conservative strategy, where stomatal closure limits carbon
assimilation to maintain xylem safety under increasing atmospheric demand (Choat et al., 2012;
Grossiord et al., 2020; McDowell et al., 2008). In contrast, above-average below-ground
moisture content buffered the performance of Heritiera utilis to the constraints imposed by
rising VPDs. This pattern suggests that H. wutilis is somewhat uniquely adapted to wetter
microsites and can sustain hydraulic transport function under high atmospheric evaporative
demand when soil water is not limiting.

Together, these species-level patterns across forest types show that variation in VPD and
soil moisture interactively regulates the growth capacity of trees, yet taxa differ markedly in
their sensitivity to associated stresses. Future studies integrating growth dynamics with
functional traits, such as stomatal sensitivity, hydraulic conductivity, rooting depth, and turgor
maintenance, will be crucial in elucidating the mechanisms driving divergent life-history
strategies. Such a mechanistic understanding will help predict how the expected increases in
the frequency and intensity of atmospheric and soil drought may affect the organisation,

structure and carbon cycles of tropical communities.

5.3 Role of tree size, functional attributes and water availability in mediating competitive
interactions

5.3.1 Effects of wood density and shade tolerance

This study highlights the importance of functional strategy divergence among species and the
role of ecological context in shaping neighbourhood processes. Consistent with previous studies

in tropical forests (Fortunel et al., 2016; Rozendaal et al., 2020), species with a higher wood
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density exert stronger competitive effects relative to taxa with comparatively soft wood (Figure
11A). The competitive advantage associated with high wood densities may be attributed to a
conservative resource-use strategy (Chave et al., 2009; Kunstler et al., 2016; Lasky et al., 2014).
Species with dense wood typically have a reduced innate growth potential, allocating a greater
proportion of their resources to structural support and defence functions (Chave et al., 2009;
Poorter et al., 2008; Riiger et al., 2012). This allocation strategy enhances their ability to
withstand mechanical damage, herbivory and other biotic pressures, while also improving
tolerance to resource limitation (Kitajima and Poorter, 2010; Poorter et al., 2014).

In particular, for most focal species, high wood density confers strong competitive
advantages under conditions of low water availability (Figure 12A & B and 12D & E). In
general, despite variation among taxa, tree species with dense wood have a stress-resistant
hydraulic architecture characterised by comparatively narrow xylem vessels (Sperry et al.,
2006). Smaller vessels, in terms of both cross-sectional area and length, have a lower transport
capacity but are considered to be more resistant to drought-associated low water potentials that
can cause wall collapse and dysfunction (Chave et al., 2009; Markesteijn et al., 2011;
Markesteijn and Poorter, 2009; Santiago et al., 2018). In contrast, species characterised by a
wood structure that is relatively less dense may have wider and longer vessel conduits, which
facilitate a greater transport capacity, but are concurrently more vulnerable to embolism and
loss of function under water stress (Hacke et al., 2001). Thus, in xeric conditions, this trade-off
can favour species with dense wood and a stable xylem architecture, as hydraulic safety
facilitates a continuity of water supply to support essential physiological functions, including
resource allocation to growth processes (Chen et al., 2019; De Guzman et al., 2021).

However, some studies have shown that wood density, as a species trait, is not always a
reliable predictor of competitive ability (Fajardo, 2016), also consistent with our results (Figure

11E & F). Wood density variation within species, driven by divergent adaptations to specific
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ecological niches (Swenson and Enquist, 2007), may obfuscate the relevance of this trait as a
predictor of competitive ability. While wood density is often correlated with hydraulic traits
linked to drought resistance, it does not capture the full range of strategies species use to survive
in competitive environments. For instance, species with similar wood density may exhibit
different drought responses due to variations in vessel size, pit membrane properties, and water
storage capacity (Delzon et al., 2010; Wheeler et al., 2005). Some species compensate for low
embolism resistance through high water storage capacity, buffering against temporary water
deficits (Meinzer et al., 2008; Pineda-Garcia et al., 2013). Additionally, the relatively weak
evidence for a universal relationship between xylem efficiency and safety identified in a prior
meta-analysis suggests that wood density alone may not consistently determine species'
competitive advantage in all environmental contexts (Gleason et al., 2016).

For a minority of species, a capacity for shade tolerance was more important than wood
density as a predictor of competitive outcomes. Our results demonstrate that shade-tolerant
neighbours exert a stronger competitive effect on focal species relative to pioneer species
(Figure 11C & D), corroborating previous studies (Kunstler et al., 2016; Uriarte et al., 2004b).
Shade-tolerant species typically invest in traits such as high specific leaf area, which improves
light capture efficiency and reduces respiration costs, thereby enhancing photosynthetic
performance and net carbon gain under low-light conditions (Chave et al., 2009; Poorter et al.,
2008). Additionally, these species allocate more resources towards structural support,
promoting long-term persistence and eventual canopy dominance. Consequently, they create a
deeper shade and competitively suppress pioneer species, which depend strongly on high light
availability for growth (Hu et al., 2020; Rahman et al., 2021). While wood density and shade
tolerance were generally stronger predictors of neighbour effects, two focal species deviated
from this pattern. Protomegabaria macrophylla and Strephonema pseudocola, both shade-

tolerant evergreens found in wet forests, were insensitive to these traits and responded only to
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the size of their neighbours. In environments with persistently low light and relatively stable
conditions, trait-mediated interactions may be less ecologically relevant (Kraft et al., 2015). For
these species, growth appears to be more constrained by physical suppression, such as crowding
from large neighbours, than by variation in neighbour function (Uriarte et al., 2004b). This
suggests that under conditions of light limitation and low trait contrast, competitive effects may
be governed by the spatial structure of stands and the proximity of large neighbours, rather than
by functional divergence.

The stronger effects of conspecific neighbours on focal species identified in this study can
be explained by their shared occupancy of ecological niches (Guo et al., 2021). This observation
aligns with the resource partitioning hypothesis, which predicts more intense competition
among conspecific individuals due to matching resource dependency (Lebrija-Trejos et al.,
2014; Liu et al., 2021, 2016; Tilman, 1982). As conspecifics share similar growth requirements
and phenotypic traits, they are more prone to experience direct competition for limited critical
resources, leading to more intense intraspecific competition compared to heterospecifics
(Goldberg and Barton, 1992). Only two species were more sensitive to the taxonomic identity
of neighbours relative to neighbour trait variation. This study suggests that trait-mediated
competitive dynamics are likely prevalent in plant communities in general, but that additional
axes of functional variation, not explored (e.g., leaf, hydraulic, or root traits), may influence the

competitive responses of Carapa procera or Celtis zenkeri (Figure 11E, 11F) (Laughlin, 2014).

5.3.2 Moisture, tree size and wood density interactions

This study advances an understanding of how competitive outcomes among tree species are
shaped by complex interactions between the individual effects of moisture availability, tree size,
and wood density. Larger trees of a given species were less sensitive to competition than their

smaller counterparts and demonstrated comparatively lower sensitivity to water stress (Figure
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12). These findings underscore the greater capacity of larger trees to maintain growth and
survival under water-limited conditions, a trend observed across divergent forested ecosystems
(Chen et al., 2019; Germain et al., 2018; Gémez-Aparicio et al., 2011).

Consistent with resource-limitation theory, competitive pressures intensify under moisture
scarcity, constraining tree physiological processes essential for growth and survival, such as
photosynthesis and nutrient transport (Chen et al., 2019; Dale and Frank, 2022; Tilman, 1988).
Under low-moisture conditions, larger trees gain competitive advantages through structural and
physiological adaptations. They typically have extensive root systems that access deeper soil
layers, tapping into stable water reserves beyond the reach of smaller trees (Canadell et al.,
1996; Li et al., 2019; Schwinning, 2010). Additionally, the broad canopies of larger trees
intercept a disproportionate share of rainwater, which via stemflow is concentrated in soil
reservoirs proximate to their root systems (Crockford and Richardson, 2000; Schume et al.,
2004). This resource redistribution may reduce moisture availability for smaller trees,
potentially elevating associated physiological and competitive stress (Magalhaes et al., 2021).
A size-based competitive advantage may also be underlain by a higher photosynthetic capacity
associated with a more extensive leaf area, which allows for greater carbon assimilation and
storage, supporting growth and survival under competitive and moisture-limited conditions
(Hérault et al., 2011; Stephenson et al., 2014). However, it is important to recognise that under
severe and prolonged drought conditions, larger trees may experience increased susceptibility
to hydraulic constraints, such as higher embolism risks and flow limitations associated with
greater tree height. For instance, Stovall et al. (2019) demonstrated that taller trees exhibit
elevated mortality risks during intense drought episodes, suggesting that extreme and persistent
drought conditions could potentially reverse or significantly alter the patterns observed in this
study. These findings are also consistent with aspects of biodiversity research where species-

specific responses to temporal variation in the environment, such as fluctuating soil moisture
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storage, may lead to shifting competitive outcomes (Lebrija-Trejos et al., 2023). More
specifically, variability in resource supply may favour distinct taxa at different times, depending
on the functional strategies of the coexisting species (Chesson, 1994; Kelly and Bowler, 2002).

Analyses employed focused on the growth potential of trees at a local neighbourhood scale
(i.e. within 15 m). This approach was partly pragmatic, facilitating an investigation of the fine-
scale biological and abiotic factors shaping competitive interactions between individual trees.
It was observed that annual growth capacity declined exponentially for most species at this
scale. However, it was also acknowledged that interactions between individuals and
environmental effects may encompass larger areas (Uriarte et al., 2010). A recent study has
revealed a significant spatial structure in the composition of tropical forests at distances
approaching ~100 m (Kalyuzhny et al., 2023). The authors attributed the non-random
overdispersion of adult trees of a given species to the strong effects of conspecific negative
density dependence (CNDD), such as host-specific pathogen infection or herbivory, that limited
the survival of progeny near parent trees. The effects of CNDD acting on juveniles at local
scales (<20 m) appear to have propagated over extensive spatial and temporal gradients,
influencing the distribution of adult trees and the composition of extant forests (Kalyuzhny et
al., 2023). These seemingly contrasting research outcomes are complementary and underscore
the importance of different analytical approaches for understanding the complexity of

demographic and species assembly processes in tropical forests.

83



6. CONCLUSIONS

This thesis presents a comprehensive, multi-scale synthesis of how biotic and abiotic drivers
shape tropical forest communities along a pronounced climatic gradient in West Africa. By
combining analyses of biodiversity potential, community-level productivity, species-specific
growth capacity, and inter-tree competitive dynamics, this study demonstrates that tropical
forest functioning is governed by an integrated composite of factors, including atmospheric
water demand, soil moisture content, nutrient availability, forest structural complexity, and the
functional strategies of the component taxa. Water limitation emerges as a primary ecological
filter across the gradient, regulating community diversity and conservation value from wet to
dry forests, with soil nutrients and forest structure further refining local assemblages.
Biodiversity and standing biomass increase concomitantly toward wetter sites, yet maximum
biomass growth rates peak in the intermediate moist forest zone, revealing a decoupling
between biodiversity potential, carbon storage and carbon flux. At the species-level, growth
responses to soil moisture and vapour pressure deficit are strongly individualistic, reflecting
diverse physiological and life history strategies among taxa co-occurring within the same
environment. The large degree of interspecific variation uncovered by the modelling results
supports the relevance of fine-scale analyses of individual-tree behaviour, which may be
overlooked in studies conducted at a coarse community scale.

Results show that competitive interactions importantly mediate productivity and
biodiversity outcomes through trait- and size-dependent effects. Water limitation can also
amplify the intensity of competitive interactions. Smaller trees are shown to be
disproportionately sensitive to the combined effects of competition and water shortages.
Consequently, regeneration and early growth stages are the most climate-sensitive phases of a
tree's life cycle. Climate change impacts are therefore expected to manifest initially through

altered recruitment success and shifting competitive hierarchies, leading to a gradual
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reassembly of the community flora. Forests may thus appear structurally stable in the short term
while undergoing substantial demographic reorganisation beneath the canopy. These
demographic sensitivities constitute the primary mechanisms through which climate forcing
influences forest-scale dynamics.

Forest trajectories under warming and altered rainfall regimes will depend not only on
changes in precipitation, but critically on rising evaporative demand from the atmosphere and
shifting soil moisture—nutrient relationships. Increasingly severe vapour pressure deficits are
likely to suppress productivity even where rainfall remains high, particularly in wet forests
where species are adapted to low atmospheric water demand. In drier and transitional forests,
declining soil moisture will heighten physiological stress within individuals and intensify
competitive interactions between trees, potentially leading to the exclusion of some taxa in
favour of species with conservative hydraulic and functional strategies. These processes are
expected to drive coordinated shifts in physiological performance, competitive hierarchies, and
community assembly, rather than causing simple, uniform declines in growth or diversity. The
consequent restructuring of communities will have long-term effects on regional carbon
dynamics and the critical climate regulation function of these forests. The strong positive
influence of structural diversity on biomass growth further implies that selective logging, which
causes a simplification of structure and/or a loss of large trees, will directly reduce carbon
uptake potential, even where overall forest cover is maintained.

From a conservation perspective, the results of this study reveal a convergence between
ecological value and climatic vulnerability. Wet forests support the highest biodiversity and the
greatest proportion of globally threatened and rare species, yet remain sensitive to increasingly
severe atmospheric drought. Moist forests function as transitional systems whose productivity
and composition depend on the joint balance of water and nutrient availability. Dry forests

harbour assemblages adapted to moisture limitation but are nevertheless vulnerable to an
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escalation of climatic stressors. These contrasts underscore the need for climate-resilient
conservation approaches tailored to the distinct ecological roles and vulnerabilities of each
forest type. Effective strategies must transcend a static prioritisation of current diversity
hotspots and instead address dynamic climate-driven shifts in physiological stress, competitive
outcomes, and demographic performance. Protecting wet forests is crucial for safeguarding
biodiversity; managing moist forests is vital for sustaining regional carbon uptake under a
changing climate; and maintaining dry forests preserves drought-adapted species that may
underpin future ecosystem stability. Across all forest types, conserving structural complexity
and functional trait diversity will be central to sustaining ecosystem services under future
environmental change.

Importantly, by linking compositional, functional, and demographic processes within a
unified hydrological and biotic framework, this thesis advances understanding beyond
empirical climate-vegetation correlations. It identifies the specific demographic and
competitive pathways through which climate forcing reshapes forest structure and function,
providing a mechanistic foundation that may inform model forecasts of tropical forest
trajectories under alternate future climate scenarios. These insights are also crucial for
informing conservation planning and sustainable management aimed at maintaining
biodiversity, ecosystem productivity and carbon storage in increasingly variable tropical
environments. Future research that integrates long-term demographic monitoring, physiological
trait measurements, and fine-scale climatic data will be fundamental for refining these

projections and guiding effective, climate-resilient conservation strategies.
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8. SUPPLEMENTARY MATERIAL

Supplement S1

S1.1 Correlation analyses

The effects of soil nutrients, as well as climate, on the composition and diversity of the different
forest types were studied using Redundancy Analysis (RDA) and linear mixed-effects models
(LMM), respectively. To ensure robust results in the RDA and LMM, multicollinearity between
climate and soil variables was tested (Fig. S1.1). One variable from correlated pairs (r > |0.70])

was selected to improve model interpretation.
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Figure S1.1: Spearman rank correlation matrix between environmental variables (SM = mean
annual soil moisture; SC = soil total carbon; OM = soil organic matter; SN = soil total nitrogen;
SP = soil available phosphorus; SK = exchangeable soil potassium; SMg = exchangeable soil

magnesium; SCa = exchangeable soil calcium; VPD = dry season vapour pressure deficit; MAT
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= mean annual temperature; MAP = mean annual precipitation; RH = relative humidity) across
study sites. Colour intensity indicates correlation strength, with blue for positive and red for

negative correlations. ‘X’ denotes insignificant correlations (p>0.05).

S1.2 Species abundance by family across forest types

Forest type ] Dry [ Moist [l wet

Sterculiaceae
Sapotaceae
Salicaceae 1
Rhizophoraceae 1
Papilionaceae {
Others
Olacaceae
Moraceae 1
Meliaceae 1
Melastomataceae
Malvaceae 1
Leguminosae {
Ixonanthaceae
Guttiferae
Gentianaceae
Fabaceae
Euphorbiaceae {
Combretaceae
Annonaceae
Anacardiaceae 1

Family

25 50 75 100
Number of species

oA

Figure S1.2: Composition of species at the family level across forest types. The category

“Others” denotes families with two or fewer species per forest type.
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S.1.3 Importance value index of species across forest types.

Table S1.3: List of tree species with the highest Importance Value Index (IVI), their family, relative frequency (RF), relative density (RD) and

relative dominance (RBA) scores. Five species with the highest IVI were selected in each forest site.

Wet forest Moist forest Dry forest
SN  Species name Family RF RD RBA IVl RF RD RBA IVl RF RD RBA VI

1 Ceiba pentandra Bombacaceae - - - - 1.36 0.97 2.64 4.97 3.70 2.80 12.11 18.62

2 Celtis mildbraedii Ulmaceae - - - - 136 12.05 16.01 2942 - - - -

3 Cola gigantea Sterculiaceae 035 0.16 0.18 0.69 0.91 0.85 0.93 2.69 2.47 6.68 7.87 17.02

4 Cynometra ananta Leguminosae 1.06 4.19 14.13 19.39 - - - - - - - -

S5 Funtumia elastica Apocynaceae - - - - 1.36 19.50 8.39 29.25 - - - -

6  Heritiera utilis Malvaceae 1.06  3.40 5.71 10.17 - - - - - - - -

7  Manilkara obovata Sapotaceae 1.06  0.63 0.30 2.00 - - - - 2.47 7.54 7.21 17.22

8  Nesogordonia papaverifera Sterculiaceae - - - - 1.36 5.06 7.34 13.77 - - - -

9 Pouteria alnifolia Sapotaceae - - - - - - - - 3.70 12.50 5.03 21.23
10 Protomegabaria macrophylla Euphorbiaceae 1.06  9.96 8.33 19.36 - - - - - - - -
11 Sterculia rhinopetala Sterculiaceae - - - - 1.36 8.53 5.76 15.65 - - - -
12 Sterculia tragacantha Sterculiaceae - - - - 1.36 0.80 0.71 2.87 3.70 14.66 7.05 2541
13 Strephonema pseudocola Combretaceae 1.06 3.64 5.63 10.33 - - - - - - - -
14 Triplochiton scleroxylon Sterculiaceae - - - - 1.36 3.30 17.05  21.71 - - - -
15  Uapaca corbisieri Euphorbiaceae 1.06 1.82 7.96 10.84 - - - - - - - -
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S1.4 Regression results for Shannon diversity
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Figure S1.4: Estimated relationships from linear mixed models between Shannon diversity and
mean annual soil moisture, dry season vapour pressure deficit (VPD) and mean annual
temperature. (A) Effect of soil moisture while controlling for VPD (fixed at the observed
median level). (B) Association between Shannon diversity and VPD for constant (median level)
soil moisture. (C) Temperature effects for two levels of soil moisture: mesic conditions (blue
curve) are the maximum observed moisture content levels; xeric conditions (grey) are the
minimum levels. (D) VPD effects are shown in mesic versus xeric environments. Separate
models were fitted for VPD and temperature due to their high collinearity. Interactions between

temperature and soil moisture (C) and VPD and soil moisture (D) were non-significant
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(»>0.05). Points represent subplot data (n = 225) for three forest types, and shaded areas indicate

95% confidence intervals.

S1.5 Regression results of relations between Conservation Value Index (CVI) and climate
factors. The CVI accounts for the prevalence of rare species in a community and the number of
at-risk species, according to the International Union for Conservation of Nature’s (IUCN) Red

List Criteria (IUCN, 2024).
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Figure S1.5: Estimated relationships from linear mixed models between Conservation value
index (CVI) and variation in mean annual soil moisture, dry season vapour pressure deficit
(VPD) and mean annual temperature. Panel A shows the effect of soil moisture while

controlling for VPD (fixed at the observed median level). Panel B shows the association
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between CVI and VPD for constant (median level) soil moisture. In panel C, temperature effects
are shown for two levels of soil moisture: mesic conditions (blue curve) are the maximum
observed levels of moisture content; xeric conditions (grey) are the minimum levels. In panel
D, VPD eftects are shown in mesic versus xeric environments. Separate models were fit with
VPD and temperature variables, as VPD was highly correlated with temperature. Interactions
between temperature and soil moisture (C) and between VPD and soil moisture (D) were both
non-significant by traditional p-value thresholds (p>0.05). Points are the model fitting data for
three forest types (dry, moist and wet). Models were fitted with subplot data (n=225). The

shaded regions delineate a 95% confidence interval around fitted lines.
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Supplement S2
S2.1 Assessment of correlations among predictors for species and community-level biomass

growth
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Figure S2.1: Spearman correlation matrix among key predictor variables used in species-

®-

specific generalised additive mixed-effect models (GAMMs). Variables include tree diameter
at breast height (DBH), neighbourhood crowding index (NCI), and dry season climatic
variables, including vapour pressure deficit (VPD), soil moisture index (SMI), mean annual
precipitation (MAP), and mean annual temperature (MAT). Colour intensity indicates the
strength and direction of correlation (blue = positive, red = negative), while circle size reflects
the absolute strength of the correlation (|r|), with larger circles representing stronger

relationships.
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Figure S2.1.1: Spearman correlation matrix showing relationships among key predictor

Richness

variables included in the community-level generalised additive mixed-effect models
(GAMMs). Predictors encompass subplot-level community, structural, and environmental
factors: species richness (Richness), structural diversity (Structural), and dry-season vapour
pressure deficit (VPD), as well as soil moisture index (SMI). The colour gradient denotes the
direction and magnitude of correlations (blue = positive, red = negative), whereas circle size
represents the absolute correlation strength (|r|), with larger circles indicating stronger

associations.
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Table S2.1: Community-level biomass growth responses to biotic and abiotic factors

Model Explanatory variables df AlIC AAIC R? Rank
M1 SMI +VPD + forest type 9 74296 32432 357 3
M2 M1 + Structural 11 645.11 22646 528 2
M3 Structural + te(SMI x VPD) + forest type 22 418.64 0 543 1

Notes: Models were fitted using generalised additive mixed effects models (GAMMs).
Predictors include soil moisture index (SMI), vapour pressure deficit (VPD), and structural
diversity (Structural). df refers to the estimated degrees of freedom for each model, including
fixed effect parameters and smooth terms. AAIC values are relative to the best-supported model
(lowest AIC). Adjusted R> represent the proportion of variance explained by the model,
accounting for both the number of predictors and smooth terms. fe(SMI x VPD) denotes a tensor

interaction smooth term capturing the joint effect of SMI and VPD.
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S.2.2 Effects of neighbourhood crowding index (NCI) on species-specific biomass growth
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Figure S.2.2: Species-specific effects of neighbourhood crowding index on relative biomass

growth. Lines show predicted relative growth from the best species-level GAMMs at the
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individual tree scale, and shaded areas represent 95% confidence intervals. Predictions were

scaled to the maximum growth per species to facilitate comparison across species.
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Table S2.2: Summary of best-fitting GAMM models by species

Species names Model terms N AlIC AAIC R? Rank
Carapa procera DBH + NCI 294 1512.22 22.49 0.378 4
DBH + NCI + SMI 294 1502.56 12.83 0.41 2
DBH + NCI + SMI + VPD 294 1507.42 17.69 0.411 3
DBH + NCI + SMI x VPD 294 1489.73 0 0.419 1
Celtis mildbraedii DBH + NCI 1828 8996.35 82.38 0.631 4
DBH + NCI + SMI 1828 8925.27 11.30 0.637 3
DBH + NCI + SMI + VPD 1828 8922.09 8.13 0.638 2
DBH + NCI + SMI x VPD 1828 8913 0 0.638 1
Celtis zenkeri DBH + NCI 685 3053.94 61.94 0.348 4
DBH + NCI + SMI 685 2997.60 5.60 0.383 2
DBH + NCI + SMI + VPD 685 3001.10 9.10 0.380 3
DBH + NCI + SMI x VPD 685 2992.79 0 0.380 1
Cynometra ananta DBH + NCI 403 2703.66 77.41 0.288 4
DBH + NCI + SMI 403 2665.32 39.07 0.362 3
DBH + NCI + SMI + VPD 403 2643.82 17.57 0.396 2
DBH + NCI + SMI x VPD 403 2626.25 0 0.410 1
Erythrophleum suaveolens DBH + NCI 150 1012.03 13.78 0.21 4
DBH + NCI + SMI 150 1010.85 12.60 0.23 3
DBH + VPD + NCI x SMI 150 1003.14 4.89 0.24 2
DBH + NCI + SMI x VPD 150 988.25 0 0.27 1

124



Species names Model terms N AlIC AAIC R? Rank
Funtumia elastica DBH + NCI 2620 9816.88 150.2 0.204 4
DBH + NCI + SMI 2620 9686.29 19.61 0.22 3
DBH + NCI + SMI + VPD 2620 9683.47 16.79 0.212 2
DBH + NCI + SMI x VPD 2620 9666.68 0 0.217 1
Heritiera utilis DBH + NCI 317 1762.04 30.60 0.659 4
DBH + NCI + SMI 317 1741.19 9.75 0.686 2
DBH + NCI + SMI + VPD 317 1744.52 16.79 0.688 3
DBH + NCI + SMI x VPD 317 1734.23 0 0.686 1
Nesogordonia papaverifera DBH + NCI 796 4155.70 52.88 0.554 4
DBH + NCI + SMI 796 4117.94 15.13 0.570 3
DBH + NCI + SMI + VPD 796 4110.03 7.22 0.571 2
DBH + NCI + SMI x VPD 796 4102.81 0 0.572 1
Pouteria alnifolia DBH + NCI 399 2036.46 15.07 0.165 4
DBH + NCI + SMI 399 2035.97 14.58 0.157 3
DBH + NCI + SMI + VPD 399 2027.94 6.55 0.194 2
DBH + NCI + SMI x VPD 399 2021.39 0 0.191 1
Protomegabaria macrophylla DBH + NCI 506 2732.61 34.64 0.473 4
DBH + NCI + SMI 506 2708.08 10.11 0.506 2
DBH + NCI + SMI +VPD 506 2711.99 14.02 0.505 3
DBH + NCI + SMI x VPD 506 2697.97 0 0.511 1
Pterocarpus erinaceus DBH + NCI 149 895.72 8.38 0.279 2
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Species names Model terms N AlIC AAIC R? Rank

DBH + NCI + SMI 149 898.74 11.39 0.270 4
DBH + NCI + SMI +VPD 149 898.68 11.34 0.291 3
DBH + NCI + SMI x VPD 149 887.34 0 0.289 1
Sterculia rhinopetala DBH + NCI 1228 5646.19 35.64 0.557 4
DBH + NCI + SMI 1228 5619.44 8.89 0.561 3
DBH + NCI + SMI +VPD 1228 5616.62 6.07 0.562 2
DBH + NCI + SMI x VPD 1228 5610.55 0 0.561 1
Sterculia tragacantha DBH + NCI 669 3369.06 19.22 0.178 4
DBH + NCI + SMI 669 3355.10 5.26 0.226 2
DBH + NCI + SMI +VPD 669 3356.02 6.18 0.228 3
DBH + NCI + SMI x VPD 669 3349.84 0 0.227 1
Strephonema pseudocola DBH + NCI 232 1372.63 20.49 0.401 6
DBH + NCI + SMI 232 1364.90 9.85 0.429 4
DBH + NCI + SMI +VPD 232 1365. 9.95 0.426 5
DBH + NCI + SMI x VPD 232 1355.05 0 0.427 1
Triplochiton scleroxylon DBH + NCI 535 2769.55 25.69 0.790 3
DBH + NCI + SMI 535 2745.71 1.75 0.795 1
DBH + NCI + SMI +VPD 535 2750.64 6.78 0.795 2
DBH + NCI + SMI x VPD 535 2743.86 0 0.794 1

Notes: Each row represents a candidate generalised additive mixed-effects model (GAMM) fitted separately for each focal species. DBH = diameter
at breast height; NCI = neighbourhood crowding index; SMI = soil moisture index; VPD = vapour pressure deficit. N = number of observations

for each model. Interaction terms (e.g., SMI x VPD) refer to tensor product smooths between predictors. AAIC indicates the difference in AIC
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relative to the best-fitting model for each species (AAIC = 0). Models with AAIC < 2 were considered to have comparable support. R? = adjusted
R2. Rank reflects model ranking based on AIC, with Rank 1 being the best-fitting model per species.
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Supplement S3

S3.1 Species-specific distance-dependent competition effects
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Figure S3.1. Variation in the competition effect of a 30 cm neighbour on an equivalent-sized
target tree as a function of distance (for 13 species with non-neutral models). See Table 3 for

full species names.
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S3.2 Model validation: observed vs. predicted basal area increment for species-specific best

model
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Figure S3.2: Scatterplots showing the relationship between observed and model-predicted

annual basal area increment (BAI, cm? year™) for the best model for each species. Each point

represents an individual tree measurement. The coefficient of determination (R?) is reported for

each species, indicating the proportion of variance explained by the model.

129




S3.3 Growth responses to soil moisture and neighbourhood crowding
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Figure S3.3: Predicted growth responses in a 30 cm tree for a subset (4 of 6) of focal species
that were sensitive to the combined effects of variation in soil moisture and variability in the
density and configuration of neighbouring trees (competition index). Responses are
independent of neighbour trait variation. Neighbour traits are fixed at a mean level. All variables

(competition, soil moisture, and radial growth) are shown as z-scores.
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