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Shift in functional traits along soil fertility gradient reflects non-random
community assembly in a tropical African rainforest
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Background and aims — There is increasing recognition that plant traits mediate environmental influence
on species distribution, justifying non-random community assembly. We studied the influence of local scale
edaphic factors on the distribution of functional traits in a tropical rainforest of Cameroon with the aim
to find correlations between the main edaphic gradient and community functional trait metrics (weighted
mean trait, functional divergence and intraspecific variation).

Methods — Within the Korup Forest Dynamics Plot (50 ha), we randomly selected 44 quadrats of 0.04 ha
each, collected soils and analysed 11 topography and soil variables. Leaves were harvested from all 98 tree
species found in the quadrats to calculate community trait metrics [quadrat-level weighted mean (g,) and
functional divergence (FDiv,)] for leaf area (LA), specific leaf area (SLA), leaf phosphorus (LPC), leaf
nitrogen concentration (LNC) and nitrogen to phosphorus ratio (N:P ratio). We examined relationships
between the main edaphic gradient with g,, with FDiv, and with intraspecific variation and interpreted
correlations as the effects of abiotic filtering and competitive interaction.

Key results — Soil fertility was the main edaphic gradient and was significantly correlated with g, for LPC,
LNC and LA and with FDiv, for LPC, N:P ratio, LA and SLA, confirming the influence of abiotic filtering
and competitive interaction by the soil fertility gradient, respectively. For a given trait, quadrats were either
over-dispersed or under-dispersed, accounting for 7-33 % of non-random trait distribution along the soil
fertility gradient. Trends in intraspecific traits variation were consistently lower than quadrat-level mean
traits along the soil fertility gradient.

Conclusions — This study demonstrates the influence of soil fertility gradient on local scale community
trait distribution and its contribution to non-random community assembly.
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INTRODUCTION to environmental gradients, shift plant strategies within and

among communities, and inform on community assem-

Understanding the distribution of plant species and structural bly processes (Keddy 1992, Diaz & Cabido 1997, Lavorel
types along gradients at different spatial scales is a major & Garnier 2002, Westoby et al. 2002, McGill et al. 2006).
goal in community ecology (HilleRisLambers et al. 2012).  Functional traits can also inform on intraspecific variation,
Functional traits have shown to mediate species response  species coexistence and prevailing environmental conditions
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(Cornwell & Ackerly 2009). This knowledge about traits has
therefore led to the identification of different trait-response
strategies for leaf (Wright et al. 2004), wood (Chave et al.
2009) and whole plant (Reich 2014, Diaz et al. 2015).

Studies on the relationships between functional traits
and environment conditions across biomes have summa-
rized a suite of traits that represent some general trade-offs
or “economic spectra” (Shipley et al. 2006, Reich 2014).
For example, in the leaf economic spectrum “slow-growing”
plants with long-lived leaves, low values of specific leaf area
(SLA), leaf phosphorus concentrations (LPC), leaf nitrogen
content (LNC) and photosynthetic capacity are often associ-
ated with nutrient-poor soils (Wright et al. 2001, Ordofiez et
al. 2009). In this case, traits may enhance resource-use ef-
ficiency by increasing photosynthetic carbon gain per unit of
nutrient uptake. In contrast, “fast-growing” plants with the
opposite sets of traits (short-lived leaves, high SLA, LPC,
LNC and a high photosynthetic capacity) are rather associat-
ed with nutrient-rich soils (Wright et al. 2001, 2004). Thus a
certain suite of traits may maximize growth rate and enhance
competitive advantage under certain soil nutrient conditions
and be detrimental in others (Weiher & Keddy 1995). Other
traits such as the leaf area (LA), not considered in the leaf
economic spectrum (sensu Wright et al. 2004) are equally
important in trait-environment studies (Engelbrecht & Kur-
sar 2003, Paoli 2006, Hulshof & Swenson 2010, Kichenin et
al. 2013). Therefore, traits that capture species resource-use
and competitive strategy may be expected to be associated
with a shift in soil nutrient conditions.

Environmental filtering and competitive interactions
often represent two major processes which can have both
synergistic and opposing effects on community assembly
(Keddy 1992, Diaz et al. 1998, Weiher et al. 1998). First, en-
vironmental filtering prevents or limits the inclusion of spe-
cies without physiological tolerance to the abiotic conditions,
resulting to trait convergence of co-occurring species in a
community (Diaz et al. 1998, Weiher et al. 1998). This pro-
cess can influence both interspecific trait variation by chang-
ing the composition and/or abundances of species in a com-
munity (Ackerly & Cornwell 2007), and intraspecific trait
variation because of trait plasticity and genetic variability
(Jung et al. 2010, Violle et al. 2012, Auger & Shipley 2013).
Second, interspecific competitive interaction is expected
to limit the ecological similarity between species, leading
to trait divergence of co-occurring species in a community
(Macarthur & Levins 1967, Schwilk & Ackerly 2005). Other
processes, such as “stabilizing niche differences” or “relative
fitness differences” also contribute to community assembly
via trait divergence or convergence. For example, stabilizing
niche differences in the form of resource partitioning, host-
specific natural enemies, or storage effects cause species to
strongly limit themselves than others (HilleRisLambers et al.
2012). Contrarily, relative fitness differences improve coex-
istence between species because of equal competitive ability
for the uptake of limited resources and/or tolerate herbivores
(Chesson 2000, HilleRisLambers et al. 2012).

Trait-based metrics have been devised and tested (for a
review, see Villéger et al. 2008, Mouchet et al. 2010) to infer
the contribution of assembly processes in shaping ecological
communities. Community-level weighted means (CWA) and
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functional divergence (dissimilarities between co-occurring
species), have been used to describe and interpret the distri-
bution of functional traits within- and among- plant commu-
nities (Lavorel & Garnier 2002, Lavorel et al. 2008, de Bello
et al. 2013). For instance Spasojevic & Suding (2012) inter-
preted a decrease of CWA trait values of leaf area and plant
height along a nutrient availability gradient as the effects of
abiotic filtering, while an increase in functional diversity of
tree height and leaf area with corresponding increase in soil
depth, moisture and nitrogen availability was interpreted as
competition for light or facilitation.

Recent urges to consider intraspecific variation in trait-
based studies argued that CWA largely ignore intraspecific
variation (Albert et al. 2010, 2011, Bolnick et al. 2011, Violle
et al. 2012, Auger & Shipley 2013). These studies pointed
that intraspecific variation allows the possibility for individu-
als within a local community to exhibit varying ecological
strategies thereby increasing species niche breadth (Violle et
al. 2012). Recently, studies have focused on the relative con-
tribution of intraspecific and interspecific trait variation (de
Bello et al. 2011, Leps et al. 2011, Siefert 2012, Siefert et al.
2014, Pescador et al. 2015). The overall result supports that
intraspecific variation, though generally smaller than inter-
specific variation, represents a non-negligible contribution to
community trait composition and assembly (Jung et al. 2010,
2014, Siefert 2012, Kichenin et al. 2013). It will probably be
interesting to examine the relative trend of intraspecific vari-
ation with respect to the community trend along environmen-
tal gradients, a concern which is barely present in literature
(but see Pescador et al. 2015, Cornwell & Ackerly 2009).

Soils of tropical rainforests are generally nutrient-poor.
This encourages the debate about edaphic influence on func-
tional traits at local scales (Xia et al. 2015). This is the case
in Southwestern Cameroon and in the 50-ha Korup Forest
Dynamics Plot (hereafter, 50-ha KFDP) where the soils are
impoverished because heavy rainfall causes weathering and
leaching, leading to the removal of nutrients and clay parti-
cles (Newbery et al. 1988, 1998, Chuyong et al. 2004). Sand
and silt contents are also reported to reach up to 70 % in
some areas of the forest (Newbery et al. 1998), which can
be explained by the derivation of those soils from old gran-
ite and quartzite rocks (Precambrian) (Gartlan et al. 1986)
or maybe Arenosols. Floristic distribution in this forest is
driven by topography, soil moisture and soil composition
(Gartlan et al. 1986, Baldeck et al. 2013), habitat conditions
(Chuyong et al. 2011) and possibly ectomycorrhizae (New-
bery et al. 1988), with > 98 % of trees forming mycorrhizal
association (Bechem et al. 2014).

Here we examine, at a local scale, how and to what extent
leaf traits may be associated with a gradient in soil properties
in the Korup Forest. We measured four functional traits on
trees present in 20 m X 20 m quadrats within the 50-ha KFDP
and analysed eleven variables related to topography and soil
composition. Specifically, we: (1) identified the main edaphic
gradients; (2) examined how shifts in quadrat-level weighted
mean trait (interpreted as linked to abiotic filtering) and in
functional divergence (interpreted as relating to competitive
interaction) were associated with gradients of soil composi-
tion; (3) tested for non-random trait distribution by compar-
ing trait values of observed versus simulated communities
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built from null models that assume random assembly; and
(4) determined the trends of intraspecific trait variation along
the main soil gradients. We hypothesized that abiotic filtering
would be strong for quadrats with low soil fertility (lower
mean trait values) and weak for quadrats with high soil fer-
tility (higher mean trait value) while competitive interaction
would be less important for quadrats with high soil fertility
(higher functional divergence) and more important for quad-
rats with low soil fertility (lower functional divergence).

MATERIALS AND METHODS

Study location

This study was conducted in the 50-ha KFDP (5°03.86'N
8°51.17'E, fig. 1) which is located within Korup National
Park (Southwestern Cameroon). The climate in this area is
bi-seasonal with a short — three months — dry season and
a long — nine months — rainy season. Mean annual rain-
fall can reach 5300 mm and temperature 27 °C (Chuyong
et al. 2004). The rainforests of the Korup National Park are
described as Biafran forest type; rich in species and domi-
nated by gregarious stands of Fabaceae-Caesalpinioideae
(Letouzey 1985) and overlapped with a possible Pleistocene
refuge of central African coastal forests (Maley 1998). The
floristic composition of the 50-ha KFDP is diverse, host to
many rare and abundant species of the region (Kenfack et
al. 2007), and new species are discovered regularly (Libalah
et al. 2014, Kenfack et al. 2015, Ewango et al. 2016). All
woody plant species in the plot with a diameter at breast
height (dbh) equal or greater than one centimetre, is been
monitored (i.e. tagged, mapped and identified) since 1996
(Chuyong et al. 2004, Kenfack et al. 2007).

The soils of Korup forest are mostly sandy and nutrient-
poor with a soil available phosphorus as low as 2 ppm (Gart-
lan et al. 1986) due to heavy rainfall which leach and deplete

soil nutrients. In the 50-ha KFDP, the soils are ferralitic (or
sometimes Arenosol) and may have developed from in situ
weathering of granite bedrocks. This forest block is also char-
acterized by heterogeneous soil and topography; soils of the
northern higher slope of the plot are dryer and thinner (pres-
ence of large embedded rocks) while at the southern lower
plain, soils are wetter and deeper (almost absence of embed-
ded rocks). Between these two extremes are boulders and
gullies that channel streams and surface run-offs to the lower
temporally flooded plane of the 50-ha KFDP.

Sampling strategies

Plot establishment and topography of the S0-ha KFDP —
The 50-ha KFDP measures 1000 m long by 500 m wide and
has a short altitudinal range between 150 and 240 m a.s.L
(fig. 1). It has been divided into 1250 quadrats of 20 m x
20 m (0.04 ha). The elevation, slope and convexity of each
quadrat were measured (details on plot establishment and
tree censuses are found in Thomas et al. 2003, Chuyong et
al. 2004, 2011). The elevation was measured in the field to
the nearest 0.1 m at each corner of the quadrat and the value
added to the absolute elevation got from the published sur-
vey map of the area. The slope was measured by forming
three angles and measuring the deviation from the horizon
of each of the triangular planes. Convexity was calculated as
the difference between the mean elevation of the focal quad-
rat and the mean elevation of the eight surrounding quadrats.
For quadrats at the edge, convexity was calculated as the dif-
ference between the elevation of the centre of the focal quad-
rat and the mean elevation of the four corners. Using these
three topographic attributes for each quadrat, Chuyong et al.
(2011) assigned each quadrat to one of five habitat types. For
this study, we carried out a stratified sampling by randomly
sampling 8—10 quadrats within each habitat type and collect-
ed soil samples and leaf traits (fig. 1).
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Figure 1 — Location of the 50-ha Korup Forest Dynamics Plot in southwestern Cameroon and distribution of the sampled trees (black dots)
within the plot. Traits and soils were sampled within 44 quadrats of 20 m x 20 m (0.04 ha). Maps were prepared with ArcMap 10.4.1 (ESRI
2016). The elevation model and isolines were computed to the nearest 0.1 m plus the absolute elevation obtained from local survey maps.

267



Pl Ecol. Evol. 150 (3), 2017

Table 1 — Summary statistics of the topography and soil-related variables used in this study for the analysis of edaphic gradient.
For each variable, the minimum, maximum, mean and standard deviation and codes are provided.

Total Total Sand Silt Cation exchange  Organic Clay Moisture
nitrogen phosphorus content  content capacity matter content  content HW Elevation Slope
Code NIT TPH SAND SILT CEC ORM CLAY MOC P (m) ©)
(unit) (gkg') (gkgh) (%) (%) (cmol kg™ (%) (%) (%)
Min. 0.17 22.51 27.75 2.94 1.88 10.95 10.99 0.81 430  278.82 2.55
Max. 2.30 2375.59 51.08 9.07 9.39 42.96 32.07 11.86 5.97 373.74 3096
Mean 1.31 432.18 38.17 5.12 5.45 27.67 20.68 4.08 5.10 313.10 11.74
SD 0.39 506.26 5.48 1.25 1.98 7.73 4.29 2.52 0.31 33.49 7.75

Soil variables — We collected soil samples to 30 cm depth
from the selected quadrats and analysed eight soil mineral re-
sources. The samples were first air-dried and ground to pass
through a 2 mm sieve using a motorized — Retch RM200®
— grinder and further fine-ground to pass through a 0.5 mm
sieve for Nitrogen and Carbon analyses. Soil pH in water
(pHW) was determined in a 1:2.5 (w/v) soil:water suspen-
sion. Total nitrogen (NIT, g kg') and Total phosphorus (TPH,
g kg!) were determined from a wet acid digest and analysed
by colorimetry (Anderson & Ingram 1993, Buondonno et al.
1995) and TPH was further determined using the molybdate
blue procedure described by Murphy & Riley (1962). Cation
exchange capacity (CEC, cmol kg') was determined using
ammonium acetate at pH 7. Moisture content (MOC, %) was
determined by gravimetry after sample drying at 105 °C.
Organic carbon was determined by chromic acid digestion
and spectrophotometric analysis using a Genesys 10S UV/
Vis spectrophotometer. Soil organic matter (ORM, %) was
then obtained by multiplying organic carbon value by 1.72
(Heanes 1984). Particle sizes (Sand, %; Silt, %; and Clay,
%) were determined by the Bouyoucos hydrometry (Bou-
youcos 1951, Day 1953). Summary statistics of the soil and
topography variables are presented in table 1. The analyses
of soil mineral resources were conducted in the plant and soil
laboratory of the Institut de la Recherche Agricole pour le
Développement (IRAD), Cameroon.

Individual trees and leaf traits data — From the 44 quadrats
(0.04 ha each) which were randomly selected, we used a col-
lecting pole and ladder each 5 m long to sample all trees with
dbh > 10 cm. Individuals that presented physiological defor-
mation or obvious symptoms of pathogen or herbivore attack
were not sampled. Integrating such individuals in our dataset
may have reflected the modified physiological status of the
plants rather than their ecological functioning (Cornelissen
et al. 2003). Individuals with tall inaccessible canopies were
not also sampled for practical reasons. A total of 489 individ-
uals were sampled (fig. 1), representing an average of eleven
trees per quadrat.

We harvested three fully opened sun leaves (leaf blade
plus petiole) from each tree during the months of June—July
2015. The fresh leaves were spread in-between a 25 cm x 50
cm white surface (below) and a transparent sheet (above) to
take a high-resolution photograph without shadow. The pho-
tograph was analysed with TOASTER; an ImageJ software
plugin (Borianne & Brunel 2012), to obtain automatically
leaf area values for the three leaves. These leaves were later
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oven-dried with a Genlab OV/50® oven at 70 °C to constant
weight and weighed with an OHAUS scout® pro sp202 bal-
ance (mass precision of 0.01 g), to obtain their dry masses.
Leaf area (LA, cm?) per tree was determined as the average
area of the three leaves; specific leaf area (SLA, mm? mg™')
was calculated as the ratio between LA and the average mass
of the three leaves. These analyses were conducted at the
Plant Systematic and Ecology Laboratory, University of Ya-
oundé I, Cameroon.

To measure the concentrations of P and N of the leaves,
equal fractions from each of the three leaves were cut,
mashed and homogenized using a Retch RM200® grinder
and dried at 105 °C for 48 h to exclude moisture. Then, 0.2 g
of the powder was weighed using a Sartorius R200D® bal-
ance (mass precision of 1 x 10%g) and further calcinated at
450 °C in a Lenton ARF® furnace. The phosphorus concen-
tration (LPC, ug g') of the vegetated sample was determined
by acid dissolution of the ashes followed by a colorimetric
determination with the molybdenum blue method (John
1970). From another 0.2 g powder, nitrogen content (LNC,
ug g') of the sample was determined by flash combustion at
950 °C in a C-N elemental analyser (Dumas method). These
were realized at the Plant Ecology and Biogeochemistry
Unit, Université Libre de Bruxelles, Belgium.

Trait measurements for LPC and LNC on all individu-
als were too costly to be envisaged. To reduce the cost, we
selected four species and measured LPC and LNC on the
individuals. We selected Cola rostrata K.Schum., Hyme-
nostegia afzelii (Oliv.) Harms, Oubanguia alata Baker f., and
Strombosiopsis tetrandra Engl. because they are widely dis-
tributed in Southwestern Cameroon and also among the most
abundant trees in the 50-ha KFDP (Kenfack et al. 2007 and
electronic appendix 1). Further, we measured LPC on a bulk
sample for each species. This was done by mixing equal leaf
fractions of all individuals of the species irrespective of the
quadrat it was sampled. Each bulk sample yielded a value
used as the species mean for LPC. For LNC, measurement
was limited to the four species mentioned above.

Trait-based community analysis

Functional trait metrics — We used the trait-gradient ap-
proach of Ackerly & Cornwell (2007) to compute the func-
tional trait metrics. We computed a species mean trait (¢) and
a community-weighted mean trait (that is, a quadrat-level
weighted mean trait in our case; g,):
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Where ¢, (equation 1) represents the i species mean trait and
g, (equation 2) abundance-weighted quadrat-level mean val-
ues, ¢, being the trait value of species 7 in quadrat k and a,,
is the abundance of species i in quadrat £. The total number
of species and quadrats in the study is S and P, respective-
ly. Note that for LPC, only one value from the bulk sample
was used as species mean trait and for LNC only four spe-
cies were involved. Equation 1 (species metric) computes
the species mean and sums species’ traits irrespective of the
quadrats while equation 2 (community metric) computes the
quadrat mean trait and sums quadrat trait values irrespective
of species.

We equally calculated functional divergence (FDiv,) us-
ing the Rao’s diversity coefficient (Botta-Dukat 2005). The
FDiv, represents the sum of pairwise trait dissimilarities be-
tween species within a quadrat, weighted by the species rela-
tive abundance (Botta-Dukat 2005, Mouchet et al. 2010). We
computed the uni-trait and unstandardized FDiv, using the
formula:

S S=1
FDiv, = 2 X dijdidj 3)
i=1 j=i+1

where dl.j is the trait dissimilarity between each pair of spe-
cies i and j (d, = d,, and d, = 0), a, and a_ are the relative
abundance vectors of species i and j and S is the total number
of species. Quadrats with relatively high FDiv,_ would indi-
cate a high degree of niche differentiation, and thus low re-
source competition (Mason et al. 2005).

Determining the main edaphic gradients — To identify
the main gradients from the topography and soil properties,
we conducted a standardized principal component analysis
(PCA) on the eight soil variables measured in each of the 44
quadrats. We included elevation and slope as supplementary
quantitative variables in the PCA to facilitate interpretation
of results through correlation between the main PCA axes.
We applied Kaiser-Guttman’s criterion to select the main in-
terpretable PCA axes. Unlike most selection methods based
on visual inspection of PCA axes, this method computes the
mean of all eigenvalues and conserves only the axes whose
eigenvalues are greater than the mean, i.e. eigenvalues > 1
for standardized PCA (Borcard et al. 2011). The choice of a
PCA follows preliminary analysis based on multiple linear
regressions between traits values (response) and individual
soil variables. The correlation and variation coefficients were
not significant in all but one analysis (results not shown).

Association of functional traits with edaphic gradients —
To examine how a shift in the edaphic gradients may be asso-
ciated with functional traits, we fitted linear models for each
trait separately by using the quadrat-level weighted mean
trait (¢,) and functional divergence (FDiv,) vs. the scores of
the main PCA axes. We interpreted significant correlations

between the main PCA axes vs. g,, as the effect of abiotic fil-
tering, and vs. FDiv, as the effect of competitive interaction.

Non-random community trait distribution — To determine
whether the trait-edaphic gradient associations were non-
random, we used a null model which assumes that traits are
randomly distributed within quadrats. We generated the null
communities by randomizing species traits values within
each quadrat by species matrices. Species abundances with-
in each quadrat were kept constant but traits were shuffled
across species. We estimated a null g, and FDiv, for each
quadrat and calculated 95 % confidence intervals (CI) after
999 repetitions of the null model. We computed the differ-
ences between the observed communities and the null (i.e.
observed g, —null g, and observed FDiv,—null FDiv,). Posi-
tive or negative differences were interpreted as the effects of
trait convergence or divergence, respectively.

Trends of intraspecific trait variation across gradients
— To assess intraspecific trait variation patterns relative to
quadrat-level mean trait (g,) we performed linear regressions
on individual trait values of the ith species in a quadrat ()
vs. the g, and interpreted the slope of the regression to be
the intraspecific trait variation. We recognize that ¢, and ¢,
are mathematically not independent, that is, ¢, is included in
the calculation of ¢,. This may lead to false correlation even
without an ecological relationship. To correct for this, we
used the Jackknife analysis to recalculate the ¢, but without
accounting for focal species in the quadrat (Cornwell & Ack-
erly 2009). We further performed linear regressions between
t, and the scores of the main PCA axes to assess intraspe-
cific trait response to the gradient. We used the abundance-
weighted ordinary least squares regression to examine the
trends of intraspecific trait variation across the gradients.

Statistical analyses were performed in R version 3.2.2 (R
Development Core Team 2015), using the following pack-
ages: FactoMinR (L¢ et al. 2008) for PCA; vegan (Oksanen
et al. 2012) to generate null communities; #D (Laliberté et al.
2014) to compute g, and FDiv,. We checked that traits were
normally distributed after applying square root transforma-
tion on LA, LPC and N:P ratio and log  transformation on
SLA and LNC.

RESULTS

Floristic overview

A total of 489 individual trees (dbh > 10 cm) from 98 spe-
cies (75 genera and 37 families) were sampled from 44
quadrats of 0.04 ha each (see electronic appendix 1). Five
species had the highest number of individuals in the data-
set: Oubanguia alata Baker f. (75); Drypetes staudtii (Pax)
Hutch. (42); Hymenostegia afzelii (Oliv.) Harms (24); Cola
rostrata K.Schum. (23) and Strombosiopsis tetrandra Engl.
(15), which are also among the most dominant species in the
50- ha KFDP. We recorded 17 species common in at least
seven quadrats (16 %), 46 species were sampled in one quad-
rat only and 14 quadrats hosted more than ten species.
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Table 2 — Identification of the main gradients in topography and soil-related variables in the 50-ha Korup Forest Dynamics Plot.
Ten soil-related variables were measured from forty-four 0.04 ha quadrats. Dim. 1, Dim. 2 and Dim. 3 represent the main axes of a principal
component analysis. Pearson correlation coefficient and level of significance (n.s. = not significant, *p < 0.05, **p < 0.01, ***p < 0.001)

between the main axes and measured variables are provided.

Dim. 1 Dim. 2 Dim. 3
Eigenvalues 3.07 1.82 1.13
% of variance 34.17 20.28 12.62
Cumulative % of variance 34.17 54.45 67.07
Sample size 44 44

. Soil fertility Soil texture Soil phosphorus

Interpretation gradient gradient gradient
Nitrogen (g kg™) 0.69%** -0.45%* -0.44%**
Phosphorus (g kg™) 0.37%%* 0.33%* 0.79%**
Sand content (%) -0.37* -0.71%%* 0.31%*
Silt content (%) -0.4%* 0.77%** -
Cation exchange capacity (cmol kg™) 0.87%** - -
Organic matter (%) 0.83%** - -
Clay content (%) 0.77%%* - -
Moisture content (%) 0.49%*** -
Elevation (m) 0.71%%* 0.1 ns. 0.21 ns.
Slope (°) 0.61%*** 0.08 n.s. 0.25ns.

Main edaphic gradients

Using Kaiser-Guttman’s criterion, three PCA axes were re-
tained to summarize the main gradients from the soil vari-
ables and accounted for 67 % of the total variance (table 2).
The first PCA axis (Dim. 1) explaining approximately 34 %
of total variance, was related to soil mineral resources and
topography (supplementary variable). Thus this first axis de-
scribed a soil gradient of increasing CEC, ORM, Clay, TPH
and NIT, and strongly and positively correlated to elevation
(r = 0.71, p-value < 0.001) and to slope (r = 0.61, p-value
< 0.001) (table 2 & electronic appendix 2). We interpreted
Dim. 1 as a gradient of soil fertility because of the higher
proportion of CEC, ORM and Clay which are all fertility-
related soil properties. The second axis (Dim. 2), account-
ing for 20 % of total variance and was interpreted as a soil
texture gradient because of the strong correlation with sand
(r =-0.71, p-value < 0.0001) and silt contents (r = 0.77, p-
value < 0.0001). This axis was also negatively correlated
to NIT but positively correlated to soil moisture content.
The third axis (Dim. 3), explaining 13 % of the total vari-
ance, was interpreted as a gradient of phosphorus content.
TPH was positive while NIT was negatively correlated to
this axis. The latter two gradients were not significantly cor-
related with elevation and slope (table 2). We retained the
soil fertility gradient (Dim. 1) to explore further trait-gradi-
ent analysis since Dim. 2 and Dim. 3 were not significantly
correlated to quadrat-level mean trait values and functional
divergence (see results on electronic appendix 3). We, how-
ever, acknowledge that some important constituents of fertil-
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ity, namely P and to some extent N were partly independent
of Dim. 1. Elevation and slope were strongly correlated to
Dim. 1 (table 2 & electronic appendix 2) and therefore were
not considered in further trait-gradient analyses.

Association of functional traits with soil fertility gradient

The association between functional traits and the soil fer-
tility gradient was significant for three quadrat-level mean
trait and four functional divergence traits (fig. 2). Of the two
functional trait metrics, trait association with the soil fertility
gradient was highly variable among the traits. For example,
quadrat-level mean trait for LPC, LNC and LA was positive-
ly correlated (from r = 0.32 to r = 0.40) with the soil fertil-
ity gradient while no significant association was observed for
SLA versus soil fertility (fig. 2A—E). Functional divergence
(i.e. within quadrat dissimilarities between species’ trait)
showed two patterns: species were either more dissimilar for
LA and SLA or less dissimilar for LPC and N:P ratio, as the
gradient in soil fertility increases (fig. 2F-J). However, no
correlation was observed for functional divergence of LNC
along the soil fertility gradient (fig. 2G).

Non-random community trait distribution

Quadrat-level weighted mean trait distribution and func-
tional divergence along the soil fertility gradient were sig-
nificantly different from the null assumption of random trait
distribution. These differences varied among the traits and
were either positive (trait convergence) or negative (trait



Libalah et al., Functional traits shift along soil gradient reflects non-random assembly

divergence) (fig. 3). Quadrat-level weighted mean for LPC,
LNC and LA but not N:P ratio increased toward the more
fertile end of the soil gradient, i.e. trait variation based on
species’ mean trait values was higher than expected in these
traits for quadrats on more fertile soils and lower than ex-
pected for quadrats on less fertile soils (fig. 3A, B & D).
Functional divergence of LPC, LA and SLA showed two pat-
terns: divergence of LPC decreased as the gradient in soil
fertility increased (fig. 3E) while divergence in LA and SLA
increased as the gradient in soil fertility. More divergence,
therefore, occurred in quadrats on less fertile soils than those
on more fertile soils for LPC contrary to LA and SLA. Non-
random trait distribution also changed depending on the trait.
For instance, non-random trait distribution accounted for

13 % and 33 % of species’ dissimilarity between quadrats
and 15 % and 30 % of species’ mean trait variation between
quadrats for LA and LPC, respectively (fig. 3).

Trends in intraspecific trait variation

Results of the Jackknife analysis showed that intraspecific
trait variations differed from the quadrat-level mean trait
variation in strength and direction (fig. 4 & electronic appen-
dix 4). Interpreting the slopes of the regression lines connect-
ing individuals of the same species, the intraspecific trait var-
iation was obtained for 43 species present in three or more
quadrats (see electronic appendix 4). Overall, the slopes of
intraspecific trait variation ranged from -8.33 to 3.94 but
these variations changed between the traits and were either in
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Figure 2 — Association of quadrat-level weighted mean (A—E) and functional divergence (F-J) with the soil fertility gradient (Dim.1; first
principal component axis) for five traits (LA: leaf area; SLA: specific leaf area; LPC: leaf phosphorus content; LNC: leaf nitrogen content).
Dashed lines represent the slope of the linear regression; adjusted coefficient of variation (R2), Pearson correlations (r) and the degree of
significance (P) are indicated. SLA and LNC were log transformed while LA, LPC and NP ratio were square root transformed. LNC and N:P
ratio were measured on four species while LPC, LA and SLA were measured on all 98 species.
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the same direction or in the opposite directions relative to the
quadrat-level mean trait (fig. 4). The slope of intraspecific
variation ranged between -0.19-0.0 for LPC, -0.51-0.26 for
LNC, -0.23-0.54 for N:P ratio, -5.12-3.89 for LA and -8.33—
3.94 for SLA. Five species showed significant intraspecific
trait variation for SLA and three for LA. No species showed
any significant intraspecific trait variation among the four
species on which LPC, LNC and N:P ratio were analysed
(see electronic appendix 4). When the quadrat-level mean
trait values were substituted by Dim. 1 (i.e. PCA scores re-
lated to quadrats), the results obtained for intraspecific trait
variation were similar to the one above (fig. 4).

DISCUSSION

Community assembly and trait distribution along soil
fertility gradient

Trait-gradient relationships are widely used to study assem-
bly processes operating along an abiotic gradient (Weiher &
Keddy 1995, Schwilk & Ackerly 2005). These associations
have increasingly been recognized as being important to gain
insights on species and community strategies (Thuiller et al.
2004, Wright et al. 2005, Spasojevic & Suding 2012, Jager et
al. 2015). It could be expected that leaf traits that are influ-
enced by environmental stress (e.g. decrease in soil fertility)
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Figure 3 — Departures from non-random trait distribution determined

by quadrat-level weighted mean (A—E) and functional divergence

(F-J) for individual traits along soil fertility gradient (Dim. 1; first principal component axis). Bold face dots indicate quadrats in which traits
were significantly different (positive or negative); grey dots indicate quadrat in which traits were not significantly different from the null
assumption of random assembly. Grey (horizontal) dashed lines represent null assumption of random assembly; black dashed lines indicate
regression lines of the difference in trait values between observed and null communities versus soil fertility gradient. R2 = adjusted R-squared
and P = P-value < 0.05. Specific leaf area (SLA) and leaf nitrogen concentration (LNC) were log transformed while Leaf area (LA), leaf
phosphorus concentration (LPC) and N:P ratio were square root transformed. LNC and N:P ratio were measured on four species while LPC,

LA and SLA were measured on all 98 species.
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would change as the stress in the environment become more
present. We found evidence to support this expectation for
three of the five traits examined. Quadrat-level mean trait for
LPC, LNC and LA significantly decreased for quadrats on
less fertile soils and increased correspondingly for quadrats
on more fertile soils. This result is consistent with the notion
of abiotic filtering for the considered traits (Diaz et al. 1998).
The non-significant association of quadrat-level mean trait
for SLA to the soil fertility gradient and other soil-related
variable (e.g. Topographic Wetness Index: Dilts 2015) was
surprising, given that LA (which showed significant associa-
tion with the gradient) has been reported to be inversely cor-
related to SLA (Reich et al. 1991). However, LA and SLA
were not correlated in our dataset (r = -0.18). An initial anal-
ysis where the drainage effect was measured as Topographic
Wetness Index, failed to explain the variation of SLA even
though a gradient of annual drainage of the 50-ha KFDP is
observed (the fertile upper edge of the plot is drier compared
to the temporarily wet lower edge; M.B. Libalah, pers. obs.).

This result could mean that SLA did not capture the dis-
pensable filtering of soil fertility and drainage perhaps cap-
tured the blurring influence of light intensity although leaves
where not sampled from canopy trees because of accessibil-
ity constraints. Light penetration through forest strata has
been reported to influence the vertical variation of SLA at the
upper and lower canopies (Spasojevic et al. 2014, Petter et
al. 2016). Given the vertical stratification of tropical forests
canopy, it can be speculated that SLA for quadrats with taller
trees could have lower SLA values, as an expression of com-
petition for light, compared to SLA for quadrats with shorter
trees. High values of LA (low SLA) have also been reported
to be correlated to high investment in structural properties
such as laminar thickness, high tissue density within the leaf
(Reich et al. 1999, Wilson et al. 1999), characteristics that
tend to relate to productive local environments.

Functional divergence of LA and SLA increased with
the soil fertility gradient, implying the dominance of spe-
cies with contrasting values for these traits in quadrats with

v _
n
- — N~ -
S8 N
2 > 2 - g
2 2 2 e
N L —_— & /,
O @) > o
o Z — 0 T———g =~ - == 4
- — © — 9 —— ="
r— — Dl -0
g S =
O © A SR
= > ©
o S =
c v | < o
£ g9 N
8
T T | T T T | T T T T T
2 0 2 4 5 0 2 4 2 0 2 4
Soil fertility gradient (Dim.1)
[ ] -~ ©
& - & " | .
< £
= >~ ~
A e o S
< £
= <
© —
> wn
o© -
= <
o i)
£ =
2
£
[ ]

Soil fertility gradient (Dim.1)

Soil fertility gradient (Dim.1)

Figure 4 — Trends and directions of intraspecific trait variation relative to quadrat-level mean traits along soil fertility gradient. Grey dots and
grey dashed lines are species’ individual trait values and regression lines for intraspecific trait variation and black dots and black lines are
quadrat-level means and regression lines, respectively. Specific leaf area (SLA) and leaf nitrogen concentration (LNC) were log transformed
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on four species while LPC, LA and SLA were measured on all 98 species.
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higher fertility, for which less competition for soil nutrients
can be assumed. Congruent with this interpretation is the
fact that an increase in soil fertility among quadrats caused a
decrease in functional divergence of LPC, pointing that less
trait dissimilarity and possibly less competition occurred be-
tween species where the soil was more fertile. Given that the
soil fertility gradient was dominated by soil properties other
than N and P (e.g. CEC and Clay) and was opposed to NIT,
the results with LPC cannot be directly linked to P availabili-
ty in the soil. Therefore the response of LPC could also mean
that the advantage for some species having ectomycorrhizal
association for P capture vanishes when P content increases
for the whole community.

Soil fertility is also reported to influence leaf life span, as
species on more fertile soils have short-lived leaves because
of fast turnover in leaf tissues (Reich et al. 1999). Consist-
ent with previous studies, LPC displayed positive associa-
tion with increase in soil fertility gradient (Webb et al. 2000,
Wright et al. 2001, Ordofiez et al. 2009). We presumed that
increase in soil fertility might have increased leaf photosyn-
thetic capacity and biomass allocation to the leaves. In an
earlier study, Atwell et al. (1999) noted that phosphorus and
nitrogen in leaves are the main source of energy (ATP and
NADPH) during metabolic processes and therefore can be
related to photosynthetic capacity. Hence the average photo-
synthetic capacity for tree communities in most of the 50-ha
KFDP may be lower relatively to communities towards the
upper end of soil fertility gradient.

Non-random community trait distribution along soil
fertility gradient

A shift in community functional traits along an environmen-
tal gradient may represent either non-random (determinis-
tic) and random (stochastic) processes that are usually and
simultaneously operating among communities (Weiher &
Keddy 1995, Schwilk & Ackerly 2005). We found evidence
for a shift in quadrat-level trait values along soil fertility gra-
dient that partly supported our interpretations for random
and non-random processes. Relative to the null expectation
(traits are randomly distributed among communities); we
noticed that up to 33 % of the variance of among-quadrat
traits along the soil fertility gradient was non-randomly dis-
tributed. Our results also showed that the partial non-random
shift in quadrat-level mean trait and functional divergence,
at least for some quadrats (i.c. between 1 and 22 quadrats),
departed from the null expectation in both positive and nega-
tive directions. The above results suggest that in addition to
non-random trait distribution, there was trait convergence
(positive deviation) and trait divergence (negative deviation)
as the gradient in soil fertility changes. However, consider-
ing only abiotic filtering and competitive interaction to infer
non-random assembly, may be far from perfect. Integrating
assumptions about multiple assembly processes such as fa-
cilitation and equalizing fitness processes may improve the
performance of testing non-random assembly (Spasojevic &
Suding 2012). Moreover, the set of traits we used is limited
to leaf traits and extending the present analysis to wood and
whole plant traits could provide more visibility in trait re-
sponse to soil fertility and community assembly (Jager et al.
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2015). Interpretation of assembly processes should be cau-
tious as cancelling out or counteracting assembly rules may
be misinterpreted for random assembly.

Trends of intraspecific trait variation

Earlier studies on functional traits mostly used species mean
trait values which largely ignore intraspecific variation. To
account for total trait variation, recent studies have begun to
include intraspecific trait variation, but have focused largely
on the relative contribution vis-a-vis interspecific trait vari-
ation (de Bello et al. 2011, Leps et al. 2011) and sometimes
on the influence of intraspecific trait variation on community
assembly (Jung et al. 2010, 2014, Siefert 2012). It could also
be of importance to study the within species trends relative to
mean trait along a gradient (but see Jiang & Ma 2015, Pesca-
dor et al. 2015). Considering that intraspecific trait variation
could shift in the same direction as the species mean trait,
the trends of intraspecific trait variation may be equal, lower
or may show no trends with the gradient (Cornwell & Ack-
erly 2009). In relation to these considerations, we recorded
43 species present in three or more quadrats in the 50-ha
KFDP and noticed that intraspecific trait variation were al-
ways smaller relative to variation in the quadrat-level trait
variation. These trends supported that traits vary less within
species than between species and intraspecific variation mir-
rored the quadrat-level trends. These results also suggest that
mean trait values and intraspecific variation may both rep-
resent the response of genotype in an environment (Ackerly
2003).

CONCLUSION

We identified soil fertility (in the sense of CEC and Clay
content and to a lesser extent of NIT) as the main gradient
of soil fertility that determined a shift in functional traits
for tree communities in the 50-ha KFDP. The variations of
quadrat-level mean traits (i.e. a measure of inter-quadrat trait
variation based on species’ mean trait value) for LPC, LNC
and LA was positively related to an increase in soil fertil-
ity. Also, functional divergence (i.e. a measure of trait dis-
similarities between co-occurring species) of LA and SLA
increased and decreased for LPC and N:P ratio, as the gradi-
ent in soil fertility increased. These results suggest that LPC,
LNC and LA are shaped by abiotic filtering due to soil fertil-
ity and that LPC, N:P ratio, LA and SLA are important in the
interspecific competitive interaction process. In addition, the
distribution of these traits along the soil fertility gradient was
partly accounted for by non-random patterns. Trends in in-
traspecific trait variation along the soil fertility gradient were
consistently shallow relative to the quadrat-level mean traits,
suggesting that intraspecific trait variation just reinforced the
dominant, overall inter-species variation. Our study on non-
random trait distribution was limited to two assembly pro-
cesses: abiotic filtering and competitive interaction whereas
other processes such as facilitation and equalizing fitness are
also important in the non-random assembly of communi-
ties. Also, our study involved only leaf traits whereas abiotic
filtering and competitive interaction can also act on below-
ground traits (e.g. rooting depth, development and type of
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mycorrhizal formation) and eventually influence the distribu-
tion of functional traits along the soil fertility gradient.

SUPPLEMENTARY DATA

Supplementary data are available at Plant Ecology and Evo-
lution, Supplementary Data site (http://www.ingentaconnect.
com/content/botbel/plecevo/supp-data) and consists of: (1)
list of studied species having a dbh greater than or equal to
10 cm in the 50-ha Korup Forest Dynamics Plot; (2) spa-
tial distribution of 11 topography and soil-related variables;
(3) linear regression between the second (Dim. 2) and third
(Dim. 3) principal component axes and quadrat-level weight-
ed mean and functional divergence for four traits; and (4) in-
traspecific trait slope trends from Jackknife analysis where
each species was removed from the calculation of quadrat-
level mean trait.
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