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Abstract

1. Tropical tree communities are among the most diverse in the world. A small num-

ber of genera often disproportionately contribute to this diversity. How so many
species from a single genus can co-occur represents a major outstanding question
in biology. Niche differences are likely to play a major role in promoting conge-
neric diversity, but the mechanisms of interest are often not well-characterized

by the set of functional traits generally measured by ecologists.

. To address this knowledge gap, we used a functional genomic approach to inves-

tigate the mechanisms of co-occurrence in the hyper-diverse genus Ficus. Our
study focused on over 800 genes related to drought and defence, providing de-
tailed information on how these genes may contribute to the diversity of Ficus

species.

. We find widespread and consistent evidence of the importance of defence gene

dissimilarity in co-occurring species, providing genetic support for what would
be expected under the Janzen-Connell mechanism. We also find that drought-
related gene sequence similarity is related to Ficus co-occurrence, indicating that

similar responses to drought promote co-occurrence.

. Synthesis. We provide the first detailed functional genomic evidence of how

drought- and defence-related genes simultaneously contribute to the local co-
occurrence in a hyper-diverse genus. Our results demonstrate the potential of
community transcriptomics to identify the drivers of species co-occurrence in

hyper-diverse tropical tree genera.
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Tropical tree communities are among the richest assemblages on
the planet (Newman, 2002; Zuidema et al., 2013). This diversity
can be partly described by two key components. First, there are
large numbers of rare species that disproportionally contribute
to this richness. This has caused many to investigate topics such
as rare species advantages (Bachelot & Kobe, 2013), the spatial
dispersion of individuals (Pacifici et al., 2016) and plant-pollinator
interactions (Aizen, 2021). A second less-well-understood phe-
nomenon is that there are a few, but very diverse, genera that
make a disproportionate contribution to local-scale tropical tree
richness (Gentry, 1982, 1989). These genera often contribute
tens of species to local tree richness in the most diverse forests
world-wide (Cottee-Jones et al., 2016; Harrison, 2005). For exam-
ple, the most diverse forests in the Neotropics can contain up to
tens of co-occurring species from a genus such as Inga, Psychotria,
Piper and Miconia (Kursar et al., 2009; Messeder et al., 2021;
Richards et al., 2015; Sedio et al.,, 2012). Similarly, the most di-
verse Paleotropical forests contain mega-genera such as Shorea,
Diospyros, Cola and Syzygium (Ashton, 1969; Duangjai et al., 2009;
LaFrankie et al., 2006; Nair, 2017). These genera challenge the
view of community assembly that evolutionary niche conserva-
tism and niche overlap prevent coexistence. Determining what
promotes and maintains the local diversity of these handful of
genera or species swarms (Gentry, 1989), therefore, is critical for
understanding the promotion and maintenance of tropical tree
richness, in general.

The local-scale richness of large genera can be attributed to
differential responses to abiotic and biotic conditions, which likely
acting in combination. Examples of the abiotic environment sorting
diverse genera locally can be seen in the local-scale distributions
of Psychotria species along soil water gradients in Panama (Sedio
et al., 2012) and the sorting of species along steep soil nutrient
gradients in Malaysia (Russo et al., 2013). Examples of the biotic
environment (e.g., natural enemies) determining the co-occurrence
of species can be found in genus Inga (Coley & Barone, 1996; Coley
& Kursar, 2014) and Piper (Dyer & Palmer, 2004) by examining their
spatial distributions and phytochemical similarity. Interestingly,
these abiotic and biotic drivers may interact to influence the
spatial distributions of species within genera. Specifically, it has
been hypothesized that the strength of pest or pathogen-driven
conspecific negative density dependence is higher in wetter for-
ests (Fricke et al., 2014; Forrister et al., 2019; but see Gripenberg
et al., 2014), and it has been shown in Inga that traits related to
abiotic and biotic interactions are non-randomly distributed in local
assemblages such that the abiotic environment constrains and the
biotic environment expands trait space (Coley et al., 2018; Endara
etal., 2017).

Trait data have been used extensively for over a decade in
tropical tree community ecology to elucidate the abiotic and biotic

drivers of species distributions and co-occurrence (e.g., Swenson

& Enquist, 2009; Worthy & Swenson, 2019). A limitation of this
work has been the measurement of a handful of traits that, while
important, do not always convey information about the processes
of interest (Yang et al., 2018). Among the processes that are not
well-characterized by the traits typically measured are the roles
of water limitation and natural enemies on species co-occurrence.
Measurements of plant-water relations and plant defence are possi-
ble, but traditional approaches can be challenging to broadly employ.
This had led to important innovations that permit measures of traits
like leaf osmotic potentials (Bartlett et al., 2012) or the metabolomic
profiles of species on a community scale (Sedio et al., 2012; Wang
et al., 2022, 2023). An alternative, but under-utilized approach, has
been functional genomics or transcriptomics (Swenson et al., 2017,
2023; Swenson & Jones, 2017). Transcriptomics is the study of the
genes being expressed in a sampled tissue. Thus, one may study the
number of transcripts per gene in a sample (i.e., gene expression) as
well as the sequence similarity of the expressed genes. For exam-
ple, research has shown that the study of leaf gene expression in
response to drought is a superior predictor of tree distributions than
commonly measured functional traits (Swenson et al., 2017) and leaf
defence gene sequence similarity in neighbourhoods is a strong pre-
dictor of individual tree survival (Zambrano et al., 2017). These two
transcriptomic approaches have different strengths. Gene expres-
sion studies allow for the quantification of the dynamic functional
response of plants to environmental stresses. This is particularly
advantageous because many of the traits commonly measured by
community ecologists are static and do not adequately character-
ize these dynamic responses that are likely more important for tree
performance and co-occurrence. Specifically, Swenson et al. (2017)
showed that in drier environments species with similar gene expres-
sion responses to drought co-occur, but in wetter environments dis-
similar gene expression profiles co-occur. However, one downside of
such studies is that they require far greater experimental control and
much higher RNA sequencing costs due to the number of individuals
that must be sequenced. In contrast, measures of functional gene
sequence similarity, like those in Zambrano et al. (2017), are of in-
terest because they are more logistically feasible and cost-effective.
Specifically, since such studies only consider sequence similarity,
and not expression levels, one individual per species can feasibly
be sampled and less control over the timing of sampling is needed.
Moreover, there is evidence that sequence dissimilarity strongly cor-
relates with gene expression dissimilarity (Yang & Wang, 2013) and
this approach can be easily integrated into existing analytical tools
used in community phylogenetics (Swenson, 2019). A final strength
of each of these approaches is that, while gene annotation databases
and methods are still improving, gene annotations for non-model
trees using model (e.g., Arabidopsis) databases are surprisingly ro-
bust (Swenson et al., 2017). This allows for studies targeting spe-
cific groups of genes of interest such as genes related to drought or
defence.

Here, we focus on functional gene sequence similarity and not

gene expression levels. Analysing the dissimilarity of drought- or
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defence-related genes in locally co-occurring species can reveal
co-occurrence patterns among species in response to drought or
defence. Gene expression similarity or dissimilarity may reflect
how species respond to similar or different environmental con-
ditions, respectively. For instance, gene sequence similarity may
indicate that related species have comparable responses to the
prevailing environment, while dissimilar gene sequences may sug-
gest different response strategies, such as tolerators and avoiders
of drought or herbivores. Therefore, the similarity of functional
gene sequences in locally co-occurring species may provide in-
sights into the drivers of species co-occurrence. This would be
particularly interesting in the context of hyper-diverse genera in
tropical forests.

In this work, we present an initial transcriptomic study of co-
occurring tropical tree species from a hyper-diverse genus. We focus
on species from the tropical tree genus Ficus and employ commu-
nity transcriptomic approaches to investigate the roles of drought-
and defence-related genes in determining the spatial distributions
and co-occurrence of conspecifics on a local scale. Specifically, we
sequenced and assembled the leaf transcriptomes of 13 locally co-
occurring Ficus in a tropical rainforest in southwest China and used
these data to quantify whether genetic distance between species in
genes related to drought and defence were linked to patterns of co-
occurrence within and between habitats varying in their soil water
content. We asked a series of four main questions in this study. First,
do Ficus species partition soil moisture habitats? Second, does the
degree of sequence similarity in genes related to drought and de-
fence response predict the degree of plot-wide pairwise species
co-occurrence? Third, are defence-related genes more dissimilar
than expected in locally co-occurring species as would be expected
if shared enemies limited the potential for co-occurrence? Lastly,
are there opposing patterns in drought and defence-related genes
across habitats as would be expected if the relative importance
of water limitation and natural enemies shifted along a soil water
gradient?

2 | MATERIALS AND METHODS
2.1 | Study site

This study was conducted at the 20-ha tropical forest dynamics
plot (FDP) in Xishuangbanna, Yunnan Province, China (21°37'08”
N, 101°35'07” E). This plot is dominated by Parashorea chinensis
(Dipterocarpaceae) and is characterized as a seasonal tropical rain-
forest influenced by the Indian summer monsoon. The mean annual
temperature is 21.8°C. The mean annual precipitation is 1493 mm,
and 84% of it occurs during wet months from May to October (Cao
et al., 2006). The elevation ranges from 708 to 869 ma.s.l. in the plot.
Three perennial streams traverse the plot resulting in strong soil-
water habitat heterogeneity (Lan et al., 2009). All trees 21 cm dbh in
the plot have been mapped, tagged and measured. The data used in
this study come from the second census of the plot that was carried
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out in 2012. Fieldwork at this site was permitted by the Chinese
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Academy of Sciences.

2.2 | Study species

We focus on species from the genus Ficus (Moraceae) found in the
plot as a case study for the following reasons: (1) Ficus is one of the
largest angiosperm genera with a pantropical distribution containing
more than 800 species (Harrison, 2005); (2) Ficus is the most abun-
dant genus with respect to their importance value among genera
in the plot, including 3712 individuals and 6.4% of the total basal
area (Asefa et al., 2021); (3) Ficus species in the plot are distributed
across elevations (i.e., from the valley to the ridge habitats), which
coincides with variation in soil moisture (Cao et al., 2008); and (4)
While Ficus are famous for their specialized pollinator interactions,
which no doubt have spurred net diversification in the lineage,
most species of Ficus also have extraordinary defence chemistry in
latex, such as tannin, alkaloid content, that likely plays a key role
in their distributions with respect to herbivores and other natural
enemies (Zhao et al., 2021). In addition, divergence time estimates
and biogeographic distributions suggest that Ficus originated in ei-
ther Eurasia or the Neotropics roughly 63.20 (58.70-71.15) Mya
(Wang et al., 2021), followed by a rapid (~1 million years) divergence
between the Neotropical section Pharmacosycea and all other figs
(Figure S1; Wang et al., 2021). Thus, the genus has undergone a
spectacular radiation that has resulted in high levels of regional and
local diversity that demand further investigation. While more than
13 species of Ficus occur in the forest plot, we focused only on the
13 species with an abundance of at least 30 individuals (Table 1) to
assure we had enough power for spatial analyses. All of these Ficus
species in our study are native to southwestern China, and previous
work has suggested that drought stress likely plays an important role

in maintaining Ficus species at our study site (Lasky et al., 2014).

2.3 | Habitat categorization

To test whether species were associated with different soil moisture
habitats, we divided the plot into three habitats according to soil
moisture content. Specifically, soil moisture was measured using a soil
conductivity probe meter (Theta probe MPM-160B, ICT International
Proprietary Limited, Armidale, Australia) both at the end of rainy sea-
son and dry season at three points near the centre of each 20mx20m
quadrat in the forest plot. During each measurement, we removed
the litter and humus layer on the ground, then inserted the soil mois-
ture probe 5cm below the ground and recorded the reading (Song
et al., 2017). The three soil moisture readings in a quadrat were then
averaged. The 500 quadrats were assigned to three habitat types: high
soil moisture (Habitat A), medium soil moisture (Habitat B) and low soil
moisture (Habitat C) using hierarchical clustering by the hclust() func-
tion in R. The distribution of focal Ficus species in three soil moisture
habitats is displayed in Figure 1 and Table S1.
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Species Code Abundance Habitat A Habitat B Habitat C
Ficus auriculata FICUAU 105 - - N

Ficus beipeiensis FICUBEI 214 - - N

Ficus esquiroliana FICUES 79 - - -

Ficus fistulosa FICUFI 917 P N N

Ficus fulva FICUFU 103 - - -

Ficus glaberrima FICUGL 79 - - -

Ficus hirta FICUHIR 30 - N -

Ficus hispida FICUHI 501 - - N

Ficus langkokensis FICULA 1412 - - -

Ficus oligodon FICUOL 30 - - N

Ficus semicordata FICUSE 39 P N N

Ficus subincisa FICUSU 31 = = =

Ficus variegata FICUVA 172 - N -

Note: ‘P’ represents a positive association, ‘N’ represents a negative association, and -’ represents
no corresponding association. Habitat A: highest soil moisture, Habitat B: medium soil moisture
and Habitat C: lowest soil moisture.

Distribution of Ficus in Xishuangbanna plot

Habitat
oA
s
c

Sp
¢ FICUAU
* FICUBEI
¢ FICUES
* FICUFI
e FICUFU
* FICUGL
* FICUHI

Northing (m)

* FICULA
¢ FICUOL
¢ FICUSE
* FICusu
¢ FICUVA

Easting (m)

2.4 | Quantifying species-habitat associations

¢ FICUHIR

TABLE 1 Thirteen Ficus species in this
study, their abundances and the results of
their habitat association analyses across
the three habitat types in the plot.

FIGURE 1 Distribution of the focal

13 Ficus species in Xishuangbanna 20-ha
forest dynamics plot. The species codes
in the legend correspond to the Latin
binomials provided in Table 1. Habitat A is
the wettest habitat followed by Habitat B
and then Habitat C.

et al., 2001). Specifically, we rotated (i.e., translated) the real map

into four directions (up, down, left and right) in 20-meter increments,

To quantify the habitat associations of tree species, we used a torus-
translation test, which calculates correlations between soil habitats
and spatial distributions of individuals in a species while controlling
for spatial autocorrelation in both the plant and soil data (Harms

20 times in the horizontal direction and 25 times in the vertical di-
rection. Three maps were generated by 180° rotation, mirroring and
180° rotating mirroring. For each of these increments, the relative
density of trees in a species and each habitat was recorded. This
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was done 1999 times to generate a null distribution for each habitat.
The relative density of individuals from the species in each habitat
was then compared with the null distributions for test of significance
with an alpha of 0.05. Thus, if the true relative density of the species
in the focal habitat was greater than 97.5% of the expected rela-
tive density (i.e., the 0.975 quantile in the null distribution), it was
determined that the species and habitat are positively correlated. If
the density was less than 2.5% of the expected relative density (i.e.,
the 0.025 quantile in the null distribution), a negative correlation be-
tween the species and habitat was determined. When the true rela-
tive density was between 2.5% and 97.5%, there we determined the
species and habitat had no association.

2.5 | Transcriptome sequencing and community
functional phylogenomics

In this work, we utilized a community transcriptomics workflow
to assess the functional similarity of co-occurring Ficus species
(Figure S2). We will discuss the workflow in the following, but the
end products from the workflow that were used for analyses are
homologous gene trees. The branch lengths on these gene trees are
used to calculate a distance matrix that represents the genetic simi-
larity of species for a given gene and given the substitution model fit
to the sequence data. Therefore, they are approximations of the sim-
ilarity of species for a gene that is linked to an annotation of interest.

We performed functional phylogenomic inference using the
techniques and tools that recently published in Yang et al. (2015),
and then estimated the homologous functional gene trees of Ficus
species in the community, in particular, the distance separating spe-
cies in a gene tree represents the degree of their functional gene
similarity. This workflow begins with sampling, sequencing and as-
sembling the transcriptome of each species.

To generate transcriptome assemblies for each of our 13 study
species, we sampled fully expanded and undamaged leaf material in
the field during the morning on a single day in the dry season from a
single individual per species and immediately flash-froze the tissue in
liquid nitrogen. We note that this study focused on genetic similarity
and not expression. However, we temporally constrained sampling to
the morning of a single day to reduce any variation in the presence or
absence of a gene being expressed. While some genes are expressed
less than others, our approach focuses on sequence similarity and
not expression levels. Thus, subtle or major changes in the environ-
ment that cause changes in the expression level, but not presence, of
a gene were not consequential to our study design. Finally, functional
phylogenomic studies frequently rely on a single individual per spe-
cies, as they are not focused on expression levels per se (e.g., Han
etal, 2017; Yang et al., 2015; Zambrano et al., 2017). There are clear
downsides of this approach that should be considered in future stud-
ies. First, there may be genes expressed at other times and in other
tissues or individuals that may be critically important.

RNA was extracted from the tissue using a Qiagen RNAeasy
Plant Mini Kit (Qiagen, Valencia, California, USA). The quality and

BRITISH 579
E ECOLOGICAL
SOCIETY

quantity of RNA was measured using a NanoDrop 2000 spectro-
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photometer (NanoDrop Products, Wilmington, Delaware, USA) and
an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
California, USA). Poly-A tail enrichment library preparation and
sequencing were done at the Beijing Genomics Institute using the
lllumina HiSeq 2000 platform that generates 150-bp paired-end
reads. Reads were assembled de novo into transcriptomes using
Trinity v2.6.6 (Grabherr et al., 2011). The quality of assemblies was
checked using N50 values and, more importantly, BUSCO scores
(Waterhouse et al., 2018) using a standard set of genes known from
the Eudicots (Table S2). We also quantified the compactness of the
transcriptome assemblies using the EX90N50 metric employed in
Trinity, which also indicated a good-quality assembly.

The assembled transcriptomes were then used to conduct func-
tional phylogenomic inference following the pipeline developed
by Yang et al. (2015) and used in previous work investigating the
functional genomics of tree communities (Zambrano et al., 2017).
In brief, we used TransDecoder v5.0.2 to translate the assembled
contigs and cd-hit v4.6.8 to infer putative peptides. Next, we per-
formed an all-by-all blastn of the cds of the transcriptome assem-
blies using a cut-off E-value of 107° with max_target_seqs set 1000
and a hit fraction of 0.4. Next, contigs were clustered based upon
their blastn results using MCL (van Dongen, 2000). This produced
putative homologous gene clusters that could contain zero to many
sequences per species. The sequences within clusters were then
aligned using MAFFT with trimmed alignments produced by phyutil-
ity v2.2.6 (Smith & Dunn, 2008). Gene trees were inferred using
these alignments using a GTRCAT substitution model implemented
in RAXML (Stamatakis, 2006). Thus, the resulting gene trees with
branch lengths consider transitions, transversions and synonymous
versus nonsynonymous substitutions. This makes distance matrices
calculated from these branch lengths an indicator of functional sim-
ilarity. The tips of gene trees were removed if the tip length was less
than 0.3 or more than five times the length of its sister branch. Gene
tree tips from the same exact taxa were masked in the tree, keep-
ing the tip with the most un-ambiguous and well-aligned characters
in the trimmed alignment. Lastly, we realigned the sequences that
resulted from this process using MAFFT and inferred the final gene
trees using RAXML using the same parameters used in the first infer-
ences. We retained all homologue gene trees that contained at least
five tips. The homologue gene trees were annotated using blastp
against the Swiss-Prot database in 2018, and the corresponding
Gene Ontology (GO) terms for each UniProt identifier were looked
up accordingly. We retained all gene trees that were annotated
with GO terms related to drought (i.e., response to water depriva-
tion [GO:0009414]; response to osmotic stress [GO:0006970]) or
defence (i.e., defence response [GO:0006952]; defence response to
bacterium [GO:1900425]; negative regulation of defence response
to oomycetes [GO:1902289]; and regulation of defence response to
fungus [GO:1900150]). We stress that gene ontologies are hypothe-
ses and do change as databases improve and some caution is urged.
However, they do provide the only feasible and reasonable approach
for a comparative study such as the present one attempting to focus
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on specific functions. We also note that ontologies can be challeng-

Journal of Ecology

ing to lump or split into discrete ecological categories of interest.
For example, individual GOs that we have lumped into the ‘drought’
category could be investigated individually or one could expand
their definition of what is related to drought. Furthermore, genes
may be linked to stress responses that encompass responses to both
drought and defence. Lastly, many sequences have no match to an-
notation databases and are not studied here, but they may still be
related to drought and defence and not known. In sum, the use of
GOs and annotations will remain a challenge for fields such as tran-
scriptomics and metabolomics and the caveats listed above should
be considered when interpreting any future analyses.

The analyses that follow focused on the genetic distance be-
tween species in drought and defence genes. The genetic distance
between two species was the average similarity between species
calculated using the gene tree phylogenetic distance matrices. These
same methods have been used previously in community transcrip-
tomic studies of functional genetic distance (Zambrano et al., 2017).
We also note that, while gene expression varies based upon ecolog-
ical conditions and studies of differential expression utilize multiple
individuals per species and condition, functional phylogenomic in-
vestigations such as that used here typically utilize a single sample
per species (Swenson et al., 2017; Waterhouse et al., 2018) as they
are not focused on differential gene expression.

2.6 | Transcriptomic similarity and co-occurrence

To investigate whether the degree of sequence similarity in drought
and defence genes was related to the degree of pairwise species
co-occurrence in the plot, we conducted a statistical approach that
involved correlating the genetic distance between two species with
their co-occurrence at the 20mx20m scale in the forest dynamics
plot. Specifically, we first quantified the observed co-occurrence of
species using Schoener's index of co-occurrence (Schoener, 1970),
a measure of co-occurrence that takes into account both the pres-
ence or absence of species in each plot and their proportional
abundances. We calculated observed co-occurrence values at the
20mx20m scale, then compared them to a null distribution con-
taining 999 values. To generate the null distribution, we randomized
the community data matrix using the independent swap algorithm
(Swenson, 2014). Next, we then calculated a standardized effect
size (SES) by quantifying the difference between the observed val-
ues and the mean of the null distribution and dividing this value
by the standard deviation of the null distribution (Swenson, 2014).
Positive SES values indicated more than expected co-occurrence
between species and negative values indicated less than expected
co-occurrence between species.

Because we focused on drought- and defence-related genes
it may be unclear whether the results are exceptional. That is, are
these genes more closely tied to co-occurrence or habitats than
other functional genes? Thus, in order to generate a baseline ex-
pectation, we randomly selected 1000 homologous genes that

were not linked to defence or drought and re-ran all of our analyses.
Specifically, we used these gene trees to calculate the SES value for
each 20mx20m subplot and then compared these observed SES
values to a null distribution to test for significant deviations from
random co-occurrence patterns. These SES values were used in all
of the following analyses along with the SES values from the drought
and defence gene analyses.

To test whether the SES co-occurrence values could be predicted
using drought or defence genes, we used Mantel tests (Mantel, 1967)
to estimate the correlation between two matrices, the genetic dis-
tance matrices and the species co-occurrence distance matrix. The
genetic distance matrices were calculated based on the difference
in genetic distance between species in a gene tree. The species
co-occurrence distance matrix was the species-by-species SES co-
occurrence matrix calculated in the previous step. Given the large
number of statistical tests performed increases the false discover
rate, we adjusted the p-values from the Mantel tests were adjusted
using a Holm correction (Holm, 1979) to control for a false discovery
rate of 5%.

2.7 | Transcriptomic dispersion in local
assemblages along a soil moisture gradient

The second set of analyses quantified the dispersion of species
in 20mx20m quadrats using genetic distance data. Specifically,
the distance matrix for each gene tree was used to quantify the
dispersion of Ficus species in a quadrat. This was done using a
mean pairwise distance and a mean nearest neighbour distance
(Swenson, 2014). These observed values were then compared with a
null distribution to calculate SES values using the same SES calcula-
tion used in the co-occurrence analyses. Here, for consistency with
the phylogenetic community ecology literature, we use the terms
Net Relatedness Index (NRI) and Nearest Taxon Index (NTI) for the
SES of the mean pairwise distance and mean nearest neighbour dis-
tance, respectively (Swenson, 2014). This resulted in one SES value
per quadrat for each drought or defence gene (Table S3). Significant
positive deviations indicated that a gene is overdispersed (i.e., more
dissimilar than expected), while significant negative deviations indi-
cate that a gene is clustered (i.e., more similar than expected). This
was tested using a non-parametric Wilcoxon test as the distributions
were not normal. As with the Mantel tests, the p-values from the
Wilcoxon tests were adjusted with a Holm correction (Holm, 1979)
to account for a 5% expected false discovery rate.

Next, for each gene, we were interested in whether the SES val-
ues changed along the soil moisture gradient. We used a linear model
to examine the association between the SES value and soil mois-
ture gradient. We also conducted a similar analysis using the SES
values for seven commonly measured functional traits—leaf area,
specific leaf area, leaf thickness, leaf toughness, leaf carbon content,
leaf nitrogen content and leaf potassium content and soil moisture
gradient that we had collected in a prior study (Asefa et al., 2021).
This was done to determine whether genetic information was more
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closely linked to the moisture gradient than commonly measured

functional traits. All analyses were implemented in R.

3 | RESULTS
3.1 | Ficus species co-occurrence and habitat
preferences

We first tested for the existence of habitat preferences in the 13
Ficus species in our study. The results showed that there were
several significant positive and negative associations with soil
moisture habitats in the forest plot (Table 1). Specifically, for the
13 Ficus species, eight species (61.5%) were negatively associated
with at least one soil habitat type. Six of these species were nega-
tively associated with Habitat C (i.e., the driest habitat) and four
of the species were negatively associated with Habitat B (i.e., the
mid-level soil moisture). Conversely, only two species F. fistulosa
and F. semicordata had significant positive associations with a hab-
itat which has the highest soil moisture, and those species were
negatively associated with the two other habitats (Habitats B and
C). These results demonstrate non-random habitat preferences of
Ficus species in the plot largely related to avoidance of the drier
and higher regions of the plot.

3.2 | Transcriptomic similarity and species
co-occurrence—Plot scale

The transcriptomic analysis generated 240 drought- and 570
defence-related homologous gene trees. We then quantified the ob-
served co-occurrence of species using SES values generated from
the observed and null distribution of Schoener's co-occurrence
index values. Overall, after correcting for multiple tests, we found
nine drought-related genes (Table 2) and 18 defence-related genes
(Table 3) that were correlated with pairwise species co-occurrence
patterns. Five of the drought-related genes were negatively corre-

lated with the SES Schoener's index values indicating that species
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that tend to co-occur have lower distances between them in these
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genes. Conversely, four drought-related genes had a positive cor-
relation indicating that species divergent in these genes tended to
co-occur. In other words, we found similarity and dissimilarity in
drought-related genes in co-occurring Ficus species. The defence-
related genes had a more consistent pattern. Specifically, 16 of the
18 genes had a positive correlation with the SES Schoener's index
(Table 3). This indicated that co-occurring species tended to be more
divergent in these genes. The other two genes indicated that se-
quence similarity in these genes was associated with co-occurrence.
We also considered whether any of the 1000 randomly selected
genes were related to Schoener's index values. After correcting for
multiple tests, we found that none of these genes was related to the

index.

3.3 | Transcriptomic similarity and species
co-occurrence—Local scale

The prior analyses investigated species co-occurrence at the
whole forest plot scale. We also investigated local co-occurrence
on the scale of 20mx20m quadrats using genetic distance ma-
trices and the NRI and NTI metrics. Overall, the distribution of
NRI and NTI values in local assemblages deviated from zero in
the majority of drought- and defence-related genes (Figure 2;
Table 4). Specifically, ~30% of the defence-related genes and
~50% of the drought-related genes tended to show clustering
locally (i.e., co-occurring species with smaller than expected ge-
netic distances separating them in those genes). Conversely, ~50%
of the defence-related genes and ~30% of the drought-related
genes were overdispersed locally (i.e., co-occurring species with
larger than expected genetic distances separating them in those
genes). Thus, only a small proportion (~20%) of the drought- and
defence-related genes studied had no association with species
co-occurrence. Interestingly, ~30% of the random, but functional
(i.e., expressed), genes were locally clustered, but ~20% of these
genes were overdispersed. Thus, the clustering of drought-related

genes is on par with that of other functional genes, but the degree

TABLE 2 Drought-related genes where sequence similarity was significantly associated with (i.e., p <0.05 after a Holm correction)

pairwise species co-occurrence via Mantel tests.

Gene Mantel r Protein name

PUB23_ARATH 0.03605431 E3 ubiquitin-protein ligase PUB23
LSU2_ARATH -0.6699423 Protein RESPONSE TO LOW SULFUR 2
PMI1_ARATH 0.26530418 Protein PLASTID MOVEMENT IMPAIRED 1
CIP1_ARATH -0.0084521 COP1-interactive protein 1

STP13_ARATH 0.1701683 Sugar transport protein 13

SUD1_ARATH -0.0615809 Probable E3 ubiquitin ligase SUD1
ZAT10_ARATH 0.0269102 Zinc finger protein ZAT10

HA22C_ARATH -0.2672513 HVA22-like protein c

Organism

Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)

Arabidopsis thaliana (Mouse-ear cress)

Note: Positive Mantel r values indicate dissimilar species tend to co-occur and negative Mantel r values indicate similar species tend to co-occur. The
organism name corresponds to the organism associated with the protein annotation in UniProt.
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TABLE 3 Defence-related genes where sequence similarity was significantly associated with (i.e., p<0.05 after a Holm correction)
pairwise species co-occurrence via Mantel tests.

ECOLOGICAL

SOCIETY

YANG ET AL.

Organism

Actinidia deliciosa (Kiwi)

Glycine max (Soybean) (Glycine hispida)
Solanum bulbocastanum (Wild potato)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)
Arabidopsis thaliana (Mouse-ear cress)

Solanum pimpinellifolium (Currant

Gene Mantel r Protein name

TLP_ACTDE 0.13674796 Thaumatin-like protein

C93A1_SOYBN 0.783756 3,9-dihydroxypterocarpan 6A-monooxy

RGA4_SOLBU 0.7557265 Putative disease resistance protein RGA4
LSU2_ARATH 0.6699423 Protein RESPONSE TO LOW SULFUR 2
LRK82_ARATH 0.6235554 L-type lectin-domain containing receptor kinase VIIl.2
DRL21_ARATH 0.381585 Putative disease resistance protein At3g14460
CRSP_ARATH 0.2793561 CO(2)-response secreted protease

R13L4_ARATH 0.2744614 Disease resistance RPP13-like protein 4

IRE1IB_ARATH 0.232015 Serine/threonine-protein kinase/endoribonuclease IRE1b
FAS1_ARATH 0.1108338 Chromatin assembly factor 1 subunit FAS1
SGT1B_ARATH 0.0989354 Protein SGT1 homologue B

10S1_ARATH 0.0949381 LRR receptor-like serine/threonine-protein kinase 10S1
R13L2_ARATH 0.0684092 Putative disease resistance RPP13-like protein 2
9DC3_SOLPI 0.039446 Receptor-like protein 9 DC3

PUB23_ARATH -0.03605431 E3 ubiquitin-protein ligase PUB23

SNC1_ARATH -0.14675819 Protein SUPPRESSOR OF npr1-1, CONSTITUTIVE 1

tomato) (Lycopersicon
pimpinellifolium)

Arabidopsis thaliana (Mouse-ear cress)

Arabidopsis thaliana (Mouse-ear cress)

Note: Positive Mantel r values indicate dissimilar species tend to co-occur and negative Mantel r values indicate similar species tend to co-occur. The
organism name corresponds to the organism associated with the protein annotation in UniProt.

of overdispersion in defence and drought genes far exceeds that
found in other functional genes (Figure 2; Table 4).

Next, we investigated the correlation between the distribution
of NRI and NTI values (i.e., is a given habitat more likely to have a
clustered versus overdispersed pattern in these genes) and soil
moisture. The results from these analyses found that the NRI and
NTI metrics exhibited significant differences across the soil mois-
ture gradient in the forest plot (Figure 3). We found that the NRI
values of both drought and defence genes were significantly asso-
ciated with soil moisture, while the NTI value did not exhibit a sig-
nificant relationship. Moreover, we observed that the SES values of
drought and defence genes increased with increasing soil moisture
content, causing a shift from a clustered pattern to an overdispersed
pattern. We also found that the SES values from genetic data were
more strongly correlated with the moisture gradient than the SES.
values for the functional traits (Table S4). Finally, we found that the
dispersion patterns in the 1000 random genes were not related to
soil moisture using either the NRI or NTI metrics and, like functional
traits, there was no correlation between the moisture gradient and
the SES values (Figure 3).

4 | DISCUSSION

This study investigated 13 species of Ficus that occur within a 20-ha
forest dynamics plot using spatially explicit soil data and species-
level transcriptomic data. We first asked whether pairs of spe-
cies co-occur non-randomly within this forest plot. There were a

handful of species pairs that non-randomly co-occur in the forest
plot (Table S2). These co-occurrences contained either F. auricu-
lata, with F. beipeiensis, F. hirta and F. semicordata, or F. hirta, with F.
auriculata and F. fulva. The co-occurrence of these species may be
explained by niche differences and/or reduced demographic perfor-
mance differences in a preferred habitat. Conversely, F. langkokensis
co-occurred less than expected with nine of the other 13 Ficus spe-
ciesin the forest. The other two species, F. fistulosa and F. fulva, were
randomly associated with F. langkokensis. This may indicate that F.
langkokensis dominates a given habitat via large demographic per-
formance differences.

To investigate the drivers of species distributions and co-
occurrence levels further, we conducted correlative analyses of
soil habitat preferences using a torus-translation null modelling ap-
proach that preserved spatial autocorrelation in habitats and indi-
viduals (Harms et al., 2001). We found that six of the 13 species were
negatively associated with the driest and most elevated habitat (i.e.,
Habitat C, Table 1). This is, perhaps, not surprising as Ficus species
are known to prefer wetter habitats and the habitat gradient in the
forest dynamics plot is steep (Lasky et al., 2014). A total of three
of the 13 species were negatively associated with Habitat B, which
has a moderate soil moisture, and two of these three species were
positively associated with Habitat A, which is the wettest habitat in
the forest (Table 1).

From these results, we can draw a few conclusions. First, Ficus
in this forest generally do not recruit successfully into the driest
habitat. Given the dispersal syndrome of Ficus and the distances in-
volved (Nason et al., 1998), we can be confident that the observed
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FIGURE 2 Proportion of genes that
had clustered or overdispersed results

in 20m x20m quadrats in the forest
dynamics plot. Clustered results indicate
that the species co-occurring in quadrats
were more similar in their gene sequence,
for a given gene, than expected by chance.
Overdispersed results indicated co-
occurring species were more dissimilarity
in their gene sequence, for a given gene,
than expected by chance. The top bars
show the genes related to drought. The
middle bards show the genes related

to defence and the bottom bars depict
the results from the random sample of
functional genes from the transcriptome.
We used two metrics: the net relatedness
index (NRI) and the Nearest Taxon Index
(NTI), which are darker and lighter shaded
bars, respectively.

Drought genes

Defense genes-

Other genes -

60

TABLE 4 Percentage of the drought-related, defence-related
genes and randomly selected, but functional, genes that were on
average more similar than expected (i.e., clustered) or dissimilar (i.e.,
overdispersed) than expected in 20mx 20 m quadrats.

Index Clustered (%) Overdispersed (%) Function
NRI 53 31 Drought
NTI 55 29 Drought
NRI 31 52 Defence
NTI 28 53 Defence
NRI 31 15 Randomly
NTI 29 21 Randomly

Note: Two standardized effect size metrics were used: the Net
Relatedness Index (NRI) and the Nearest Taxon Index (NTI).

negative associations with the driest habitat are not a matter of dis-
persal limitation and are best explained by a failure to establish in
an unpreferred habitat. Second, very few species have non-random
associations with the wettest and moderately wet habitats. Thus,
there is clear evidence of spatial structure in the Ficus populations in
this forest (Figure 1) and some species pairs non-randomly cluster or
appear to partition habitats between one another. However, outside
of avoiding the driest habitat, superior demographic performance of
a species in the wetter habitats cannot explain their co-occurrence
per se and niche differences may be of greater importance. A final
possibility is that the broad-scale habitat categories utilized in this

BRITISH 583
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Group
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study do not capture important fine-scale information regarding soil
moisture and other important nutrients.

4.1 | Transcriptomic dissimilarity and species
co-occurrence

Although it is common to detect phenotypic divergence between
closely related species occupying tightly intertwined habitats
(Cannon & Petit, 2020), cases of genetic divergence over local en-
vironmental gradients are rarer (Brousseau et al., 2021; Tysklind
et al., 2020). Here, we present the first transcriptomic investigation
that quantifies the relative importance of functional gene differ-
ences for species co-occurrence in tropical trees. Our first question
using these data was whether species co-occurrence, represented as
SES of Schoener's co-occurrence index, was correlated with the se-
quence dissimilarity of individual drought or defence-related genes.
We identified nine drought-related genes that were correlated with
species co-occurrence (Table 2). Four of these genes indicated that
sequence dissimilarity was associated with co-occurrence while five
of these genes indicated that sequence similarity was associated
with species co-occurrence. Thus, the levels of co-occurrence of
species pairs were related to multiple genes associated with drought,
but in opposing directions. This is interesting as it parallels some
results from functional trait-based studies of tropical forest com-
munity structure that have uncovered convergence and divergence
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FIGURE 3 Regression analyses depicting the relationship between metrics of dispersion (y-axes) and the soil moisture gradient (z-scaled
x-axis) with each point representing a 20mx20m quadrat. Two metrics of dispersion were used: the Net Relatedness Index (NRI) and the
Nearest Taxon Index (NTI), which are the left and right columns, respectively. Negative NRI or NTI values indicate co-occurring species in the
quadrat are more similar than expected in their gene sequence (i.e., they are clustered) and positive values indicate they are more dissimilar
than expected (i.e., they are overdispersed). (a, b) The results for genes related to drought. (c, d) The results for the genes related to defence.
(e, f) The results for the genes were randomly sampled from the transcriptome.
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in the traits of co-occurring species (Swenson et al., 2007; Umana
et al., 2016; Yang et al., 2014). However, in this instance it is a
similarity and dissimilarity in the genes associated with a particu-
lar function, which, probably underpins adaption and divergence
of congeneric species, has not been documented in tropical trees
previously.

Like the drought gene analyses, we uncovered multiple de-
fence genes that correlated with species co-occurrence pat-
terns. Specifically, we identified 18 defence genes of importance.
Interestingly, 16 of the 18 indicated that sequence dissimilarity
was associated with co-occurrence and 2 of the 18 indicated that
sequence similarity was associated with co-occurrence (Table 2).
Thus, while there is some evidence of defence gene similarity being
important, most of the non-random correlations pointed to the
importance of defence gene dissimilarity. Finally, we were inter-
ested in whether the co-occurrence results from the drought and
defence genes were unusual compared with other functional (i.e.,
expressed) genes. When considering the correlations between the
Schoener index values with the 1000 randomly selected genes, we
found no significant correlations after correcting for multiple tests.
Thus, groups of drought and defence-related genes tend to have an
unusual proportion of genes related to Ficus co-occurrence in this
forest.

Measures of co-occurrence can, at times, provide only a coarse
overview of the spatial structure of communities. Thus, we also in-
vestigated the role of drought and defence gene similarity in this
forest by quantifying the sequence similarity of species co-occurring
in each of the 20mx20m quadrats in the forest using each gene.
This was done using a mean pairwise distance and a mean nearest
neighbour metric standardized using null models to produce an
NRI and NTI for each gene. The results were striking. Specifically,
>50% of the drought-related genes were non-randomly clustered
in 20mx20m quadrats. This indicates species that were similar in
these genes tended to non-randomly co-occur on this scale, which
may be indicative of the importance of performance differences
driving co-occurrence (i.e., superior performance of similar species
excluding species with inferior performance via dissimilarity in their
genes). We do note, however, ~30% of the drought-related genes
were locally overdispersed. This indicates that for some genes, dis-
similarity (i.e., niche differences) promotes co-occurrence. The NRI
and NTI results for defence-related genes were also striking, but
in the opposite direction. Specifically, ~50% of these genes were
locally overdispersed and~30% were clustered. Thus, dissimilar-
ity (i.e., niche differences) with respect to defence appears to play
a larger role in promoting co-occurrence while similarity in many
fewer genes appears to be associated with co-occurrence.

The levels of clustering in the defence genes were similar to the
proportion of randomly selected, but functional, genes that were
significantly clustered in quadrats. This indicates that roughly 30%
of all functional genes are clustered locally and that drought-related
genes are not unusual in this regard. It is, perhaps, not surprising
that species with similar gene sequences locally co-occur on these
spatial scales. Functional trait clustering is typical on these spatial
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scales as patterns are likely related to broader gradients in the abi-
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otic environment and less so to biotic interactions on fine scales
(e.g., Swenson & Enquist, 2009). The relatively few randomly sam-
pled genes that are locally overdispersed indicate that drought and
defence-related genes are usually overdispersed, particularly at the
spatial scale of 20mx20m. This indicates that these functions are
likely critical for determining the local-scale co-occurrence of spe-
cies from this hyper-diverse genus.

From these results across spatial scales, we can draw a series of
conclusions. First, the local-scale analyses provided more detailed
information regarding how drought and defence genes impact Ficus
co-occurrence on a local scale in this forest. Second, we find evi-
dence for the importance of both genetic similarity and dissimilar-
ity impacting co-occurrence. Interestingly, for the majority of the
genes analysed, similarity in drought-related genes and dissimilarity
in defence-related genes are found in local assemblages. The dissim-
ilarity of defence genes is likely best understood, as noted above, in
the context of a Janzen-Connell where shared pests and pathogens
likely prevent species co-occurrence while driving species with dis-
similar pest and pathogens and, therefore, dissimilar defence strat-
egies to co-occur (Connell, 1971; Janzen, 1970). The drought gene
similarity results are intuitive in that we may expect sorting along
an abiotic gradient to select for similar species locally co-occurring
and excluding dissimilar species that do not perform as well on that
portion of the gradient. The drought gene dissimilarity results may
appear counter-intuitive as drought is frequently considered a filter
leading to a single type of functional strategy. However, the func-
tional solutions to drought likely may not always be distilled into a
single axis. On the most basic level, this diversity can be seen in plant
assemblages ranging from drought-avoiding and tolerant plants in
deserts to seasonal tropical forests, and on a molecular level the
diversity of drought responses is grander (Ratzmann et al., 2019).
Furthermore, the only other functional genomic investigation of
a tree community that considers drought (Swenson et al., 2017)
demonstrated that species with dissimilarity gene expression pat-
terns in response to experimental drought tended to naturally co-
occur in wet habitats in a temperate forest while similar expression

patterns were found in drier habitats.

4.2 | Soil moisture and transcriptomic dissimilarity

The final part of this study was designed to ask whether functional
genetic dissimilarity varied with respect to soil moisture. Previous
research in a temperate forest has indicated that drought-related
traits or genes may be overdispersed in wetter habitats and clus-
tered in drier habitats (Swenson et al., 2017). In addition, there
is conflicting evidence of the strength of conspecific negative
density dependence along precipitation or soil moisture gradi-
ents with some inferring stronger Janzen-Connell effects in wet-
ter habitats and others inferring stronger effects in drier habitats
(Gilbert et al., 2001; Lin et al., 2012; Song et al., 2020, 2021). At
the community level, habitat adaptation may take place as seedling

d ‘€ ‘PTOT ‘SPLTSIET

/:sdny wouy

ASUSIIT SUOWWO)) NI dA[qeardde oY) £q pauIdA0S e SA[ONIE YO {asN JO SA[NI J0§ AIRIQIT AUI[UQ AS[IA UO (SUONIPUOI-PUB-SULI)/ WO K[1mM° KIeIqIjaur[uoy/:sdiy) Suonipuoy) pue suia [, a1 23S ‘[S707/20/11] U0 Areiqry auruQ AS[IA\ QW] AMON JO ANSIATUN Kq SSTHTSHLT-SOCT/TTT 1 01/10p/wod K[IM ",



YANG ET AL.

BRIISH
E ECOLOGICAL

SOCIETY
mortality is high during the dry season in this plot (Lin et al., 2012;

Song et al., 2020).

The results from this study show that overall assemblage ge-

Journal of Ecology

netic dissimilarity in both drought and defence-related genes in-
creases with soil moisture (Figure 3). That is, the average pairwise
genetic dissimilarity between species increases in wetter sites.
However, when looking at nearest genetic neighbour distances,
there was no relationship with soil moisture (Figure 3). The increase
in defence gene dissimilarity in wetter locations aligns with previ-
ous evidence from this forest showing that conspecific negative
density dependence is strongest during the wetter portion of the
year (Song et al., 2020). That is natural enemies (e.g., pathogenic
fungi and herbivores) may exert more pressure in wetter places
and times and we might, therefore, expect more dissimilarity in
co-occurring species. Conversely, we may expect more similar
species in drier locations. The increase in dissimilarity in drought-
related genes in wetter locations is similar to previous work by
Swenson et al. (2017) using gene expression data in a temperate
forest. Specifically, they found that species with dissimilar gene
expression responses to drought are found in wetter locations and
species with similar gene expression responses are found in drier
locations. It is likely that abiotic filtering and/or performance dif-
ferences are driving an increase in interspecific similarity in drier
locations. Finally, as with the Schoener's index analyses, the dis-
persion patterns found in the 1000 randomly selected, but func-
tional, genes were not correlated with the soil moisture gradient.
This is important as we have no functional reason to expect a
random sampling of genes to be correlated with this abiotic gra-
dient, but there is a set of prior mechanistic expectations linking
drought- and defence-related genes to soil moisture.

Next, we explored whether the pairwise functional gene dis-
persion patterns were more strongly linked to the soil moisture
gradient than pairwise functional trait dispersion patterns. The
results show that the soil moisture gradient was not related to dis-
persion levels in any of the traits measured, but it was related to
both drought and defence-related genes (Table S4). This mirrors a
similar result in Swenson et al. (2017) showing spatial distributions
of species along soil moisture gradients are better predicted by
functional genomic data as compared to functional trait data. This
evidence does not necessarily indicate that the functional traits
measured are uninformative. Rather, it indicates that commonly
measured traits do not capture all relevant functional information
and the addition of functional genomic information likely will im-
prove our understanding of the drivers of species distributions

and co-occurrence.

4.3 | Caveats

Here, we have employed a community transcriptomics (Swenson
& Jones, 2017) approach for studying the co-occurrence and
distributions of species from a hyper-diverse genus. We en-
courage future research that builds off this novel integration of

transcriptomic information into community ecology, but we be-
lieve it is appropriate to highlight some pros and cons of the ap-
proaches taken. Perhaps one of the biggest challenges with omic
approaches in ecology is our ability to robustly annotate the genes
or metabolites under study. We rely on growing, but still sparse,
annotation databases that are heavily reliant upon a few model
systems. Thus, the annotations used in this, or other studies are
hypotheses of function that may be incorrect and, in the future,
should be validated experimentally. This will be challenging gener-
ally and particularly challenging for quickly evolving groups of de-
fence genes that are responding to a potentially extensive group
of pests and pathogens that would be challenging to exhaustively
assess in an experimental context. A second major challenge is
that, here, we have considered only genes found across all spe-
cies. There are many genes that will be unique to species and there
are duplication events and resulting paralogues. These types of
data do not fit nicely into the common analytical pipelines used in
phylogenetic or trait analyses of communities. These genes hold
the potential to be very important for the interactions of inter-
est, but they may often go unanalysed as will the 1000's of genes
that have no annotations. Lastly, while the costs of sequencing
are constantly falling and are now to the point where community
transcriptomic investigations are possible, comprehensive tran-
scriptome atlases for multiple species that are inclusive of multiple
tissues and environmental contexts are still beyond the reach of an
ecological budget for a non-model system. Thus, there will invari-
ably be important rare transcripts that go unsequenced, tissue-
specific transcripts that go unnoticed and large dynamic changes
in expression through space and time that cannot be appreciated.
These missing pieces of information are no doubt important and
future studies are needed to identify the magnitude of this varia-
tion such that we can understand where robust inferences can or

cannot be made.

5 | SUMMARY

Hyper-diverse genera disproportionately contribute to the spec-
tacular species richness in tropical tree communities. The co-
occurrence of large numbers of congeners presents a conundrum
for community ecology that may be best understood in the light
of functional biology. In particular, species differences in how
they respond to water availability and the degree to which they
share natural enemies are leading hypotheses to explain species
co-occurrence. Here, we utilized detailed data on the functional
genetic similarity of species to assess whether co-occurring conge-
ners are dissimilar in drought and defence-related genes. We find
substantial evidence of gene sequence dissimilarity between co-
occurring Ficus species, particularly with respect to defence genes.
Furthermore, the degree of genetic dispersion is linked to an un-
derlying soil moisture gradient thereby indicating that functional
genetic differentiation is related to congeneric co-occurrence pat-
terns and that the way in which genetic differentiation impacts
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co-occurrence varies with the underlying abiotic template. Thus,
the co-occurrence of a large number of Ficus species in this for-
est can be linked to functional genetic differentiation in drought
and defence, which is not easily captured by commonly measured
functional traits.
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