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Abstract

1. Soil nutrient availability and functional traits interact in complex ways during the
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assembly of tree communities hindering our understanding of the implications

that this may have for their phylogenetic and functional diversity.

. We combined abundance, taxonomic, phylogenetic and functional trait data of

222 tree species distributed along nutrient concentration gradients at 24 plots
in two tropical forest study sites. We analysed micro and macronutrient concen-
tration in organic and topsoil horizons and tested for the following: (1) nutrient-
based species sorting due to contrasting trait-environment relationships, (2)
whether nutrient filtering has consequences for phylogenetic and functional di-
versity, and functional space size and occupancy and (3) we mapped trait distribu-
tions across the phylogeny of tree species to track the evolutionary signature of

nutrient availability.

. We found that total nitrogen (N), available phosphorus and total potassium in soil

accounted for 68% of the variation in tropical tree species community composi-
tion, with strong associations with nutrient concentration for 89% of the tree
species included in the analysis. This nutrient-based species selection was me-
diated by interactions between the three soil nutrient concentrations with leaf

nitrogen, leaf thickness and wood density. Soil N concentration was positively
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associated with the functional space at site level. At plot level, soil N concentra-
tion positively correlated with functional evenness and it was negatively associ-
ated with the functional space not occupied by any species in the tree community.
Despite the phylogenetic conservatism of leaf N across tree lineages even when
not considering legumes, many sister-species pairs show contrasting values which
match with their habitat preferences thus indicating the evolutionary lability of

this trait, particularly within recently diversified clades.

. Synthesis. Our results demonstrate that soil nutrient-based species selection is a

prevalent driver of community assembly in tropical forests, a process mediated
by key functional traits within the leaf and wood economics spectrum. Functional
space size and its filling increase with soil nutrient concentration, whereas niche

vacancy decreases. This selection process has likely influenced tropical tree spe-

KEYWORDS

rainforests

1 | INTRODUCTION

Since the revival of plant community ecology by fully embracing the
information provided by functional traits, the relationships between
the fundamental and realized ecological niches of plant species with
their abiotic and biotic context have been hypothesized to be me-
diated by their traits (McGill et al., 2006; Webb et al., 2002). Thus,
the classical expectation of a correlation between environmen-
tal conditions and plant species composition (Tansley, 1917, 1939)
was accordingly revised to include means, ranges and variances of
traits, and if those measurements departed from a given random
distribution, as indicated by clustering or even-spacing, this would
provide indirect evidence for environmental filtering or compet-
itive exclusion (Baraloto et al., 2012; Cornwell et al., 2006; Diaz
et al., 1998; Kraft et al., 2008; Swenson & Enquist, 2009). Hence,
it has been hypothesized that functional traits ultimately drive the
assembly of plant communities due to their predicted linkage with
species demographic performance, so that the spatial distribution of
functional traits should mirror key environmental gradients (McGill
et al., 2006; Vellend, 2017). Yet, beyond some remarkable stud-
ies (Adler et al., 2014; Cornwell & Ackerly, 2009; Diaz et al., 1998;
Hérault et al., 2011; Pavoine et al., 2011), finding evidence of such
trait-demographic and trait-environment relationships has proven
elusive (Paine et al., 2015; Warton et al., 2015).

A common way to uncover assembly mechanisms is the assess-
ment of changes in the phylogenetic and functional diversity of
communities (Mason et al., 2013; Tucker et al., 2017). While phy-
logenetic diversity is the amount of evolutionary history present
in a given community (Faith, 1992), functional diversity is defined
as the value and range of the functional traits of the organisms in
a given biotic assemblage (Tilman, 2001). Indicators of functional

cies diversification patterns via habitat specialization.

community assembly, determinants of plant community diversity and structure, environmental
filtering, French Guiana, functional diversity, macronutrients, micronutrients, traits, tropical

diversity are typically related to functional richness, that is, the
amount of multivariate trait space occupied by species in a com-
munity, functional evenness, which accounts for the regularity
of abundance distributions across the occupied trait space, and
functional divergence, representing disparities in abundance dis-
tributions across the occupied trait space (Mason et al., 2005).
Analogous indicators of richness, regularity and divergence have
been developed to inform about the phylogenetic structure of
ecological communities (Tucker et al., 2017). Although these are
intuitive metrics, the interpretation of the community assembly
process from phylogenetic and functional diversity patterns can be
problematic. For example, from a pattern of phylogenetic cluster-
ing combined with trait conservatism, we can infer that the com-
munity assembly has been driven either by competitive exclusion
or by environmental filtering, depending on whether species coex-
istence is maintained by equalizing mechanisms that reduce fitness
differences between species or by niche differences, respectively
(Mayfield & Levine, 2010).

Inferences about the filling of available ecological niches in a
community are based on the implicit assumption that trait axes are
proxies for niche axes (Westoby et al., 2002). The functional space
occupied by a community can be quantified by calculating its trait
hypervolume, which describes the phenotypic space filled by all
species in the community (Blonder et al., 2014). This multidimen-
sional space includes the effects of not only abiotic factors (e.g. soil
and climate) but also biotic interactions (e.g. resource competition),
which may result in particular hypervolume geometries (Blonder
et al., 2014). Thus, abiotic and biotic factors can constrain the eco-
logical functions expressed in a stressful or limiting habitat, reducing
the whole functional hypervolume of a community or enlarging it
in some specific dimensions (Blonder et al., 2014). Additionally, the
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number of species per unit of hypervolume, and the ratio between
the empty functional space over the whole hypervolume (the hole
ratio) are expected to inform about either the niche packing and the
vacant niches present in a community, respectively (Blonder, 2016;
Lamanna et al., 2014).

Globally, tropical forests are large biodiversity reservoirs and
they contribute disproportionately to biogeochemical cycles, so an
understanding of their functioning should provide an opportunity
to improve forecasts of biodiversity loss and impacts on Earth sys-
tem dynamics (Malhi, 2012; Swenson, 2013). Given the high levels
of biodiversity turnover and spatial heterogeneity of environmental
conditions, such as nutrient availability (John et al., 2007; Peguero
etal., 2021; Tuomisto et al., 2003), tropical forests represent an ideal
ecosystem to explore relationships between environmental proper-
ties, functional traits and community assembly (Swenson, 2013).
For example, topographic features, such as slope and ruggedness,
influence tropical forest hydrologic regimes, with associated im-
pacts on soil weathering, mineralogy and texture that determine nu-
trient concentration and availability (Van Langenhove et al., 2020;
Weintraub et al., 2015). This in turn modulates traits and species
distribution patterns (Baraloto et al., 2021; Clark et al., 1998; Condit
etal., 2013; John et al., 2007; Kraft et al., 2008). Moreover, it is likely
that this nutrient-related habitat specialization has left an evolution-
ary signature on tree species' elemental composition and their phy-
logenetic patterns (Fine et al., 2005; Sardans et al., 2021; Schmitt
etal., 2021). However, the role of phosphorus (P) as the most limiting
nutrient in tropical forests (Sardans et al., 2012; Turner et al., 2018;
Vitousek, 1984) is challenged by evidence that other macronutri-
ents, such as nitrogen (N), and micronutrients (sensu Kaspari, 2021)
like potassium (K), also impact tree species growth and reproduc-
tion (Santiago et al., 2012; Wright, 2019; Wright et al., 2018). The
influence of functional traits on community assembly and their rela-
tionships with the environment have tended to be assessed either in-
directly, by testing for changes in statistical distribution parameters
(Baraloto et al., 2012; Kraft et al., 2008; Swenson & Enquist, 2009),
or directly, using multivariate ordination and resampling-based hy-
pothesis testing (Legendre et al., 1997); however, both approaches
largely ignore effects of covariation in species responses to environ-
mental conditions and potentially underestimate the importance of
species interactions, including competition and facilitation (Warton
etal., 2015).

In this study, we investigated how soil nutrient availabilities in-
teract with functional traits to drive the assembly of tree commu-
nities and the consequences for their phylogenetic and functional
diversity as well as the size and occupation of their functional trait
space. We addressed these research questions by combining abun-
dance, taxonomic, phylogenetic and functional trait data for 222
tree species in two topographically similar tropical forests covering
local and regional scale natural differences in soil nutrient concen-
tration. By mapping functional trait distributions and reconstructing
their ancestral states across the tree species phylogeny, we evalu-
ated the potential signature of nutrient availability during tree spe-
cies diversification in tropical forests.

2 | MATERIALS AND METHODS
2.1 | Study sites and experimental design
The two study sites were located in tropical forests in Nouragues

(04°04'53"N,  52°41'13"W)  and (05°16'38"N,

52°55'38"W) research stations in French Guiana, where the wet

Paracou

season extends from December to July and a drier period from
August to November with less than 100mm per month. Mean
annual temperature and precipitation are similar at the two sites
(Table 1), although the dry season at Paracou is more pronounced,
due to higher atmospheric evapotranspiration demands (mean
temperature and precipitation during the driest quarter are 26.3°C
and 22.3mmmonth™ at Paracou and 25.7°C and 29.9 mmmonth™
at Nouragues; Peguero et al.,, 2019). Bedrock of the studied
sites in Nouragues and Paracou comprises Caribbean granite
and Precambrian schist, respectively, and soil texture and bio-
geochemistry vary with topography due to hydrological patterns.

Acrisols dominate at slopes and upslope ridges, whereas a relative

TABLE 1 Details of study site location and climate, and analysis
of study site differences in soil properties and measures of tree
species diversity.

Nouragues Paracou
Lat/long coordinates 04°04'53"N, 05°16'38"N,
52°42'13"W 52°55'38"W
Main soil type (FAO) Acrisols Acrisols
Mean annual 25.2°C 25.8°C
temperature
Mean annual 2874 mm 3150mm
precipitation
Dry season 3 months 3 months
Tree abundance per 19.63+6.4 2494+6.3
hectare
Tree species richness 10.33+3.9 8.77+2.9
per hectare
Tree species 3.4+0.1 3.0+0.1*
a-diversity
Soil nitrogen 0.26+0.043 0.17+0.033***
concentration (%)
Soil phosphorus 1.705+0.0.35 1.522+0.52
concentration
(ppm)
Soil potassium 0.13+0.55 0.15+0.85***

concentration (%)

Note: Data for tree species abundance, richness, and diversity (N = 24),
and soil nutrient concentration (N = 120) are mean (+SE). Study site
differences in measures of tree species diversity and soil nutrient
concentration were tested using linear mixed-effects models, with

site and plot topographic position as fixed effects terms for analysis

of tree species diversity and plot as a random effect nested within site
and topography for analysis of soil nutrient concentration. There were
interactions between site and plot topographic position for all soil
nutrients; see Table S3 for output summaries of nutrient models.

*p<0.05; ***p<0.001.
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podsolization of the soils between hills has slightly increased sand
percentage and reduced clay minerals (e.g. kaolinite) and iron oxide
contents (Van Langenhove, 2020). This generally results in greater
total nutrient concentrations towards the top of the hills but no-
tably, the availability of a key macronutrient such as P (as meas-
ured by Bray or Olsen methods) is typically higher at the bottom
(Peguero et al., 2019; Van Langenhove et al., 2020). The pH of the
soil at both sites ranges from 3.8 to 4.2 (Van Langenhove, 2020).
To account for this landscape-scale heterogeneity in soil nutrient
concentrations and availabilities, 12x0.25ha study plots at each
site (N = 24) were evenly distributed across three topographic lo-
cations, at the top of the hills, at the middle of the slope and at the
bottom of the valleys (henceforth referred to as top, slope and bot-
tom plots). Sampling permits were granted by the corresponding

authorities and managers of the two research stations.

2.2 | Tree and soil sampling

Across the study plots, we mapped 2139 individual trees with a
diameter at breast height 210 cm; the trees were then identified
and classified into 222 tree species using herbarium voucher speci-
mens and based on the fully resolved and dated phylogeny gener-
ated at these sites (Baraloto et al., 2012). Additionally, we obtained
data for 13 functional traits from the BRIDGE database (Baraloto
et al., 2012). These traits are associated with key leaf and stem
functions: tree bark thickness, sapwood density and moisture con-
tent, twig diameter, xylem density and bark thickness to represent
stem structure, defence and transport efficiency; foliar concen-
tration of N, carbon (C) and chlorophyll, foliar C:N ratio, and leaf
toughness, thickness and dry mass to represent leaf resource cap-
ture and performance; and, leaf toughness, thickness and dry mass,
foliar C concentration and ratio of C:N to represent leaf structure
and defence (Table S1). The functional traits present in the BRIDGE
database were gathered from the same sites as this study (Baraloto
etal., 2012).

A single 20-m? quadrat was placed in the centre of each plot, in
which five evenly spaced sampling points were established for soil
core and litter sampling (N = 120). Three soil cores (4 cm diame-
ter, 30cm long) were sampled at each point, where the 0-15 and
15-30cm profiles were separately combined to form single compos-
ite samples of topsoil and deep soil per point. Litter was collected
from a 20-cm? quadrat at each five sampling points and litter sam-
ples were immediately oven-dried at 60°C until reaching constant
weight. Soil and litter concentrations of C and N were analysed with
an elemental analyser (Elementar Vario EL Cube or Micro Cube;
Elementar Analysensysteme GmbH). Soil and litter concentrations
of P, K, calcium, magnesium and sodium were measured using in-
ductively coupled plasma mass spectrometry (ICP-MS Agilent 7500;
Thermo Fisher Scientific, Germany). Soil available P was determined
using the Olsen and Bray methods. See Urbina et al. (2021) and (Van
Langenhove, 2020) for further methodological details as they are
the original source of soil data.

2.3 | Dataanalyses

We used linear mixed-effects models, in the LMe4 r package (Bates
et al., 2020), to test for site and topographic location differences in
tree abundance, species richness and diversity and soil nutrient con-
centrations, with study site and topography as fixed-effects terms in
the tree models and plot as a random effect nested within site and
topography in the soil nutrient models. Best models were selected
according to goodness of fit, likelihood-ratio tests (LRTs) and explan-
atory power. Overall performance and assumptions were assessed
using residual diagnostics.

Effects of micro and macronutrients on tree community com-
position were tested using generalized linear latent variable models
(GLLVMs) in the r package cLivm (Niku et al., 2019). GLLVM allows
the analysis of multivariate community abundance data ranging from
low numbers of species to high-dimensional assemblages comprising
thousands of taxonomic units (Niku et al., 2019), always including
latent variables which can be interpreted as missing predictors or
unmeasured environmental variables capturing the main axes of
abundance co-variation after controlling for the constraining predic-
tors specified (Warton et al., 2015). Based on goodness-of-fit and
residual diagnostics, we built a GLLVM with a zero-inflated Poisson
distribution, with a log-link function and two latent variables that
excluded environmental predictors, following Niku et al. (2019), as a
model-based unconstrained ordination; the resulting ordination plot
uses the latent variables as axes to provide a graphical represen-
tation of study plot similarity, based solely on species composition.
The addition of environmental variables to the model allows the
ordination of study plots, based on the similarity of species com-
position, while controlling for effects on species of environmental
factors (Niku et al., 2019; Warton et al., 2015); therefore, we iterated
all possible combinations of our nutrient variables as constraining
environmental predictors in the GLLVM, limiting the maximum num-
ber of nutrient variables to three, due to the high computational de-
mands of GLLVM. This procedure resulted in 344 models that were
ranked according to their second-order Akaike Information Criterion
(AlCc) and LRTs were used to assess the predictive improvement of
two competing models; when differences were detected, we calcu-
lated the proportional increase (%) in deviance explained by the best
model.

GLLVM can be used as fourth corner models, where multivar-
iate abundance data are regressed as a function of species traits
and environmental predictors to test for trait-environment in-
teractions (Niku et al., 2019; Warton et al., 2015). Therefore, we
tested the interaction of the three most informative functional
traits with the nutrient variables in the best environmentally con-
strained model. The traits were selected based on the two traits
with the highest loadings in the first two axes of a principal com-
ponent analysis (PCA) (% leaf N concentration and sapwood den-
sity) and the trait with the most orthogonal vector to the other
two (leaf thickness; Figure S1). Interactions between functional
traits and soil nutrients were confirmed when 95% confidence in-

tervals (Cl) of each trait-environment coefficient did not overlap
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zero and while whole model significance was evaluated using LRT
between nested models with or without trait interactions (Niku
et al., 2019). Following Baraloto et al. (2010), we also carried out
the same fourth-corner model using the PCA scores of the first
and second axes as surrogates for the leaf and stem economics
spectrum; the performance of this model (i.e. SAICc >2) was lower
than that in which the combination of three traits was used, so
it was discarded. Finally, we repeated the same GLLVM analyses
only including the 72 tree species that had more than five individ-
uals recorded to assess the sensitivity of the results to the com-
monness or rarity of tree species.

We tested for study site differences in phylogenetic community
structure and functional diversity: for each study plot we calculated
phylogenetic diversity and mean nearest taxon distance and mean
variance of nearest taxon distance using the picanTe and ez packages
(Kembel et al., 2010; Pearse et al., 2015) and functional trait richness
(the amount of functional space filled by the community), evenness
(the evenness of abundance distribution in a functional trait space),
divergence (the spread along a functional space) and dispersion (the
mean distance in multidimensional trait of an individual species to
the centroid of all species) using the dbFD function of the rb package.
The functional and phylogenetic metrics were standardized against
999 randomized independent swap null communities to control for
plot differences in species richness (Swenson, 2014). We analysed
trait hyperspace as a metric for occupation of functional space at the
two study sites, which was computed through Gaussian kernel den-
sity estimation using the r package HypervoLuME (Blonder et al., 2018).
Calculation of volume was based on the same three most informa-
tive traits selected for the GLLVMs above, for species present at the
study site or at plot level, and each volume was constructed using a
threshold quantile of 0.05; consequently, each volume includes 95%
of the total probability density, based on 500 Monte Carlo samples
per data point, and an estimated variable kernel bandwidth for each
axis (Blonder et al., 2018). Thus, we obtained the overlap and unique
areas of the functional space occupied by the tree communities at
site or plot level, where overlap was calculated by the intersection
volume divided by the union volume. We estimated the number of
species per unit of plot-level trait volume as a measure of niche pack-
ing, and hole ratios at site and plot levels (i.e. the empty functional
trait space) as the ratio between the volume of the detected holes
and the volume of the convex expectation, as a measure of vacant
niches (Blonder, 2016).

We tested the differences in functional and phylogenetic metrics
between study sites, topographic positions and nutrient gradients
(N, P, K) by linear models with the Lme4 package (Bates et al., 2020),
with an automated model selection process leveraging the dredge
function from the MuMIN package (Barton, 2020) that ranks best
fitting models according to 5AICc. We used visrec package to visu-
alize the conditional plots for each explanatory variable (Breheny &
Burchett, 2017). The three most informative functional traits were
mapped across the tree phylogeny, we calculated their phylogenetic
signal (Pagel's 1), and then, their ancestral states were calculated
using the pHYTOOLS package, assuming a Brownian motion model of

evolution for continuous traits (Revell, 2012). All analyses were car-
ried out in R v.4.0.0 (R Core Team, 2020).

3 | RESULTS

Tree abundance and species richness per plot were similar at both
study sites, while the total species richness and diversity are higher
in Nouragues than in Paracou (188 vs. 138 species, respectively, and
site effect on diversity: F1,18 = 5.84, p<0.05, r2adj = 0.17; Table 1).
The concentration of N and Kin the soil were also significantly higher
in Nouragues than in Paracou (site effect for soil N: Fi1g = 43.1,
p<0.0001, r*_ = 0.71; and for soil K: F, 4 = 5.3, p<0.05, r*_ = 0.82),
whereas there were no differences in available P (site effect for P
Olsen: F1,18 =3.1,p=0.1, r2C = 0.52; Table 1). The concentrations of
N, P and K in the litter correlated with those in the soil (see Table S2
and Figure S2 for site-level averages and correlations of all nutrient
variables). As expected topography affected nutrient concentrations
although its effect differed between sites and nutrients. The interac-
tion between site and topography was significant for all three main
nutrients. For instance, while there was a significant trend to higher
total N and K in the top plots in Nouragues, in Paracou top and slope
plots were identical (see Table S3 and Figure S3 for summaries of
model outputs). This shows the high small-scale heterogeneity of
soil processes in tropical rain forests and stresses how convenient
topographic plot classifications such as bottom, slope and top can
mask notable variations in soil nutrient concentration.

The unconstrained ordination showed a clear segregation of
tree communities highlighting the high species turnover between
the two study sites (Figure 1a). The inclusion of variation in soil
nutrient concentration, however, removed this regional partition-
ing pointing out to the strong role of nutrients driving the compo-
sition of tree assemblages (Figure 1b). The best environmentally
constrained GLLVMs always included soil or litter concentration of
N and K and available P as drivers of tree species composition. The
best GLLVM based on 8AICc included soil concentration of N and
K and available P, and it accounted for 68% of the variation in tree
species community composition. It also differed from the uncon-
strained model (LRT p <0.05) (Figure 1b). Ranked point estimates
(+95% ClI) for each species derived from this model indicated that
the abundance of 89% of the tree species was strongly associated
with at least one of the soil nutrients (Figure 2a). For example,
we found that the distribution of the species in the recently di-
versified genus Licania was affected by soil total N concentration,
where some, such as L. canescens, were more abundant in N-rich
plots and others, such as L. micrantha, were associated with N-
poor soils (Figure 2b). The inclusion of interactions between envi-
ronmental predictors and functional traits in this model revealed
trait-environment relationships based on these contrasting tree
species occurrences and the nutrient concentrations: leaf thick-
ness and leaf N concentrations were positively associated with
soil N concentrations and soil K concentrations, wood density was
negatively associated with soil N and leaf thickness was positively
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FIGURE 1 Ordination of the tree
communities based on generalized

linear latent variable models, with two
latent variables and no predictors (a) and
including soil nitrogen (N), potassium

(K) and available phosphorus (P.,) as
environmental predictors (b). Differences
between the models were tested using

a likelihood-ratio test, showing an
increase in the variance explained by the
environmental predictors.

FIGURE 2 (a) Coefficient plot
showing ranked point estimates (+95%
Cl) for the associations between 222
tree species and soil concentration of
nitrogen (N), potassium (K), and available
phosphorus (P,.,) computed from the
environmentally constrained model.
Significant associations (95% Cl of
coefficients no overlapping with zero)
between tree species and nutrients are
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(b) Constrained Model: Soil N + P Olsen + Soil K
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(a) Ranking of all tree species based on the strength of their association with soil nutrients

-

Licania canescens > f

f

\"‘“‘Hn..

PR ":— Licania micrantha

1

20 -10 0 10 20 -20

highlighted in black; the ranking of the -10 B <
species differs in each panel; species Nsoi Olsen S
labels are not shown for clarity. (b) (b) Ranking for Licania species
;. : H L. canescens =f | ] I
Coefficient plot showing ranked point - cansscens - ' 7 + +| ] | t
estimates for the species within the L. membraLﬂchgg: PI ] + + ] }I
Licania genus. L. heteromorpha — 4 -+ ] f
L. sprucei = + - -+ -1
L. ovalifolia | - - ]
L. micrantha = | - - |
L. laxifiora < + T T B T T T -+ T e T T T T I
-20 -10 0 0 2 4 6 8 -30 -20 -10 0 10
Nsoil POlsen K soil

associated soil available P (Figure 3). The same patterns were ob-
tained with equivalent GLLVMs including only the 72 species (see
Figures S4-Sé6), thus showing that the results including all 222
species were not driven by a few and rare tree species with a dis-
proportionate statistical leverage.

The functional volume was larger at Nouragues than at Paracou
and the larger unique component of Nouragues was mainly asso-
ciated with the presence of tree species with higher leaf N con-
centrations; species with greater wood density tended to occur at
Paracou (Figure 4a,b) and there was less empty functional space at
Nouragues than at Paracou (Figure 4c). Functional evenness of tree
communities was positively related to soil N at plot level (F1,22 =18,
p<0.001, r2adj = 0.41; Figure 5a), while their functional hole ratio
was negatively related to soil N (slope for the soil N estimate:
-33.47+14.6, F3,20 = 3.51, p< 0.05, r2adj = 0.25; Figure 5b). There
were no differences in other phylogenetic and functional diversity

indices across study sites, topographic position or soil nutrient con-
centration gradients.

We found a strong phylogenetic conservatism of leaf N across
all tree lineages (1 = 0.49, p< 0.001), even excluding the Fabaceae
from the phylogeny (1 = 0.37, p< 0.001; see Table S1). Despite that,
many sister-species pairs showed highly contrasting values of leaf
N (Figure 6a). The evolutionary lability of this trait was particularly
evident in the recently diversified genus Licania (Chrysobalanaceae),
where sister species, such as L. canescens and L. micrantha, show di-
vergent evolutionary trajectories for leaf N concentration (Figure 6b)
that mirrors their distributions associated with N rich and N poor
soils, respectively (cf. Figure 2b). Similar examples can be found in
other clades such as those within the Chrysophylloideae species
complex (Sapotaceae). Tree species like Chrysophyllum lucentifolium
or Pouteria retinervis have relatively high leaf N and are significantly
associated with N-rich soils, while their corresponding relatives
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C. cuneifolium and P. melanopoda present relatively lower leaf N and

are strongly associated with N poor soils (Figures S7 and S8).

4 | DISCUSSION

Our results demonstrate that soil nutrient concentration is a prev-
alent force during tree community assembly of tropical forests.
Nutrient-based species selection was found to be mediated by key
functional traits of the leaf and wood economics spectrum, such as
leaf N concentration and thickness and sapwood density. We found

* | 02
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ThlcknessLeaf 4

Species traits

=01

N Leaf |

N Soil PO]gen K Soil

Soil nutrients

FIGURE 3 Level plot from a fourth corner generalized linear
latent variable model including soil concentration of nitrogen (N),
potassium (K), and available phosphorus (P) as environmental
predictors of the tree community composition and interacting with
wood density, leaf N concentration as a proportion (%) of dry mass,
and leaf thickness, as the functional traits mediating tree species
responses. * denote significant trait-environment interactions

as indicated by lack of overlap with zero by 95% CI of trait-
environment coefficients.

a positive relationship between nutrient concentration and the func-
tional space of tropical tree communities, while at the local scale,
greater nutrient concentration led to a more regular filling of this
trait space, with fewer vacant functional niches. The coupling be-
tween evolutionary patterns of leaf N concentration and the spatial
distribution of tree species due to soil N concentration indicates the
influence of nutrient availability on tree species diversification via
habitat specialization.

Heterogeneous patterns of soil nutrient stocks and cycling rates
and the importance of nutrients in species distributions and the dy-
namics and function of tropical forests have long been recognized
(Vitousek and Sanford, 1986). Tropical forests comprise a mosaic of
edaphic types across local to landscape scales, reflected in the spa-
tial segregation of tree species (John et al., 2007), where the distri-
bution of up to 77% of tree species may be described as non-random
and associated with nutrient availability (Clark et al., 1998, 1999;
Condit et al., 2013; John et al., 2007; Turner et al., 2018). Our results
build on these previous findings by showing the composition of trop-
ical forest tree species is associated with a combination of N, P and K
in soils, rather than P alone, because 89% of the tree species in this
study were strongly associated with the soil concentration of at least
one of these nutrients. These results support a recent meta-analysis
of nutrient addition experiments that showed that both P and N lim-
itations are widespread across montane and lowland tropical forests
(Wright, 2019). While studies of the effects of micronutrient limita-
tion on plant growth are limited, our finding shows the importance
of K concurs with a long-term fertilization experiment, in which K
limited the growth of tree seedlings (Santiago et al., 2012). Similarly,
a recent observational study highlighted the importance of K and
also other nutrients, such as calcium and magnesium, in shaping tree
community composition across topographic levels in an Amazonian
forest (Vaz, 2021), and the importance of calcium has also been
shown to constrain the secondary succession of an afrotropical for-

est (Bauters et al., 2022). Overall, these studies support the general

(a) Functional hypervolume of Nouragues (NOU) and Paracou (PAR) as 2D projections based on three trait axis
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FIGURE 4 (a) Functional volume of
tree communities at the Nouragues and
Paracou study sites, shown as two-
dimensional projections based on three
trait axes (leaf thickness, sapwood density
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FIGURE 5 (a) Relationship between
soil nitrogen concentration (N ;) and
functional evenness (standardized effect
size). (b) Conditional relationship between
hole ratio of the community trait volume
and soil N concentration (Ng ) using
bottom soil N as topographic factor
control.
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hypothesis that multiple elements contribute to the co-limitation of
tropical forests (Kaspari, 2021; Kaspari & Powers, 2016).

Our work identified trait-environment relationships that drive
this nutrient-based species selection. Greater concentrations of soil
N were associated with tree species with higher N concentration in
their leaves, higher leaf thickness and lower sapwood density. These
results tend to agree with predictions of the global leaf and wood
economics spectrum that posits a trade-off between construction
costs and growth potential (Diaz et al., 2016). Under this framework,
soil properties have been found to be dominant drivers of plant func-
tional traits at a global scale, while there is a global trend for plant
species with higher photosynthetic potential to be favoured in more
fertile soils, due to higher leaf N concentrations (Joswig et al., 2021).
Furthermore, a greater leaf thickness is related to a higher defen-
sive capacity of costly leaves to extend their longevity, thereby
warranting the energy return on investment (Reich, 2014). A lower
wood density is related to faster growth rates which demand higher
nutrient supply rates, so such a strategy is more easily afforded in
more fertile soils (Chave et al., 2009). Other environmental factors,
such as climate, have also been identified as key regulators of plant
trait distributions at a global scale (Joswig et al., 2021). For exam-
ple, water availability is of particular importance in tropical forests
(Guillemot et al., 2022), and the interaction between the effect of
drought and steep gradients in soil nutrient concentration produces
functional trade-offs and contrasting responses across tree species
(Umana et al., 2021). However, we could not test for the interaction
of water availability with soil nutrients given the similarity in mean
annual precipitation between our two study sites. Moreover, it is
also well established that plants can reciprocally affect soil chem-
istry underneath them in what is known as ‘Zinke’ effects (Waring
et al., 2015). This may be particularly important for atmospherically
derived elements like N compared to rock-derived elements like P
and cations, and these plant-driven effects can substantially contrib-
ute to increase the heterogeneity of soil chemistry at small spatial
scales (Waring et al., 2015). Therefore, while soil nutrients exert se-
lection on certain plant attributes, those favoured plant species can
bolster this nutritional selective effect, thus establishing an inter-
dependent feed-back plant-soil elemental composition.
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A greater concentration of nutrients was related to an expan-
sion of the functional trait space defined by the tree communities.
The size of this functional volume is related to the species richness
of the tree community (Lamanna et al., 2014). Even though there
were differences in the size of the species pools between our two
study sites, it is important to note that the expansion of the trait
space at the more nutrient-rich site was mainly associated with the
presence of tree species with higher levels of leaf N concentrations.
Additionally, soil N concentration was associated with a higher even-
ness of the abundance distribution across the functional trait space
and there was a negative relationship between soil N concentration
and the level of empty functional space in the trait volume, indicating
that the phenotypic expression of tree communities as well as their
ecological functioning can be modulated by abiotic conditions such
as nutrient availability (Lamanna et al., 2014). These results provide
evidence for the positive roles of soil N content in the regular and
efficient occupation of available trait space and its reduction of va-
cant ecological niches (Blonder, 2016; Mason et al., 2005). Changes
in tree community composition across soil nutrient gradients in trop-
ical forests have been related to habitat filtering and environmen-
tal determinism (Kraft et al., 2008; Tuomisto et al., 2003); however,
functional evenness and the rate of holes in the volume may be in-
dicators of the breadth and filling of available functional niches in
a given community, but they do not provide information about the
drivers of assembly processes (Blonder, 2016; Mason et al., 2013).
Consequently, it is not possible to discern whether environmental
filtering, competitive exclusion or both mechanisms underlie the
observed strong influence of nutrient concentration on community
assembly of the tropical forests in this study. Given that variation in
nutrient availability has been already reported to reverse the out-
comes of competitive interactions among coexisting plant species
(Levine et al., 1998), it is possible that this nutrient-based selection
process may be the result of a reduced competitive performance
through equalizing mechanisms in non-preferred habitats (Mayfield
& Levine, 2010), but also be due to strict environmental filtering,
the abiotic environment simply favouring the population growth of
better adapted species through niche differences. Still, we should
incorporate demographic parameters into the analyses if we are to
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(a) Distribution of the percentage of leaf Nitrogen across the tree phylogeny
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FIGURE 6 Distribution of leaf nitrogen (N), as a proportion (%) of dry mass, across the phylogeny of the 222 tree species (a) and the
Licania genus (b). Ancestral trait states at internal nodes were estimated using maximum likelihood, assuming a Brownian motion model of

trait evolution.

properly link the observed patterns of trait distribution with the spe-
cies coexistence mechanisms operating during community assembly.

In an insightful contribution, the botanist Alwyn Gentry reported
that the distributions of the four species conforming the Passiflora
vitifolia species complex (Passifloraceae) were segregated across
the Amazonia according to edaphic properties. Gentry concluded
that soil features linked to topographic position at a landscape level

drive the high diversity and species turnover of Amazonian for-
ests, and accordingly predicted that the distribution of many other
plant groups would show similar patterns (Gentry, 1981). Several
studies have since provided evidence for repeated independent
evolution of habitat specialist taxa in closely related plant species
(Fine et al., 2005; Savolainen et al., 2006; Schmitt et al., 2021).
This common diversification process could be exacerbated by
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antagonistic biotic interactions such as herbivory (Fine et al., 2004).
Our results support these previous findings by showing how many
sister-species pairs such as in the recently diversified clade of the
Licania genus (Chrysobalanaceae, Chave et al., 2020) or in the
older Chrysophylloideae species complex (Sapotaceae, De Faria
et al., 2017), present contrasting leaf N concentrations that mirror
their patterns of abundance distribution across the natural gradients
of soil N content. Similarly, a population genetics study carried out
at one of our study sites has shown that species complexes within
the Symphonia (Clusiaceae) and Eschweilera (Lecythidaceae) were
differentiated according to soil nutrient distribution and chemistry
(Schmitt et al., 2021). The same diversification process based on
edaphic specialization has been suggested for the whole Protieae
tribe (Burseraceae) (Fine et al., 2005). Sympatric speciation has been
already reported for several plant species (Papadopulos et al., 2011;
Savolainen et al., 2006), and it may be explained by the gradient hy-
pothesis of diversification without isolation, which states that where
two adjacent habitats select for contrasting traits in their respective
populations, and hybrids of the incipient species are at a selective
disadvantage (Rieseberg et al., 1995), species may then diverge as a
result of parapatric speciation across a sharp environmental gradient
(Endler, 1977). Overall, our study demonstrates that soil heteroge-
neity is a key driver of tropical forest diversity and function and that
nutrient-related habitat specialization has left an evolutionary signa-
ture in tree species' elemental composition and their biogeochemical
niche (Ashton, 1969; Sardans et al., 2021).
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