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What causes variation in species abundance for a given site remains a central question
in community ecology. Foundational to trait-based ecology is the expectation that
functional traits determine species abundance. However, the relative success of using
functional traits to predict relative abundance is questionable. One reason is that the
diversity in plant function is greater than that characterized by the few most commonly
and easily measurable traits. Here, we measured 10 functional traits and the stem
density of 101 woody plant species in a 200,000 m? permanent, mature, subtropical
forest plot (high precipitation and high nitrogen, but generally light- and phosphorus-
limited) in southern China to determine how well relative species abundance could
be predicted by functional traits. We found that: (1) leaf phosphorus content, specific
leaf area, maximum CQO, assimilation rate, maximum stomata conductance, and
stem hydraulic conductivity were significantly and negatively associated with species
abundance, (2) the ratio of leaf nitrogen content to leaf phosphorus content (V:P) and
wood density were significantly positively correlated with species abundance; (3) neither
leaf nitrogen content nor leaf turgor loss point were related to species abundance;
(4) a combination of N:P and maximum stomata conductance accounted for 44% of
the variation in species’ abundances. Taken together, our findings suggested that the
combination of these functional traits are powerful predictors of species abundance.
Species with a resource-conservative strategy that invest more in their tissues are
dominant in the mature, subtropical, evergreen forest.

Keywords: functional traits, species abundance, leaf nutrient content, specific leaf area, wood density, hydraulic
conductivity, photosynthesis, drought tolerant

INTRODUCTION

Understanding the determinants of species’ relative abundances in a given habitat has long been
a central question in community ecology (Preston, 1948; Silvertown, 2004; Cornwell and Ackerly,
2010; Umana et al., 2015; Wang et al., 2021). One common approach to studying co-occurring
species has involved characterizing performance-related functional traits, which can be defined
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as morphological, physiological, or phenological traits that
influence species’ adaptations to their biotic and abiotic
environments (Silvertown, 2004; McGill et al., 2007; Violle et al.,
2007; Garnier and Navas, 2012; Paradis and Schliep, 2019).
Functional traits have been shown to play a crucial role in
the success or failure of species under specific environmental
conditions (Kraft et al., 2008; Valladares et al., 2015).

Ecologists have used functional traits to detect performance
differences among species, and to assess the extent to which
these differences have adaptive value, thus resulting in differences
in relative abundances of co-existing species (Silvertown, 2004;
McGill et al., 2007; Poorter et al., 2008; Cornwell and Ackerly,
2010; Garnier and Navas, 2012). For example, studies in a
water- and nitrogen-limited grassland in Greece found that
low specific leaf area, leaf water content, mineral content,
photosynthetic carbon assimilation, and high water use efficiency
led to higher species abundances (Tsialtas et al., 2001, 2004).
Positive correlations between species abundance and both
biomass and nitrogen content were observed in grasslands in
the United States (Fargione and Tilman, 2006; Stanley Harpole
and Tilman, 2006). In a forest in eastern China, wood density
was found to be positively correlated with species abundance,
while leaf nitrogen content was negatively correlated with species
abundance (Yan et al.,, 2013).

While many studies have used functional traits to predict
species’ relative abundances in plant communities, empirical
attempts have largely found little to no relationship (Murray et al.,
2002; Shipley et al., 2006; Yan et al., 2013). In these studies,
most of the correlations between the variance in individual
traits and species’ relative abundances are relatively weak. Yang
et al. (2018) argued that traits influence species performance
depending on both the abiotic (climate, resource availability) and
biotic (pathogen, competition) environments. For example, trait
values associated with pathogen resistance will confer differing
levels of demographic success depending on the occurrence of
pathogens. Similarly, the relationship between drought tolerance
traits and species’ abundances are expected to differ among
climate regions differing in aridity or water deficit. Additionally,
most studies have distilled functional diversity down to just a
few core traits that are relatively easily to measure but may not
directly determine the abundance of coexisting plant species.
Here, we sought to quantify the nature and strength of the
relationship between functional traits and species abundance in a
mature subtropical, evergreen forest. We measured physiological
traits, such as photosynthetic carbon assimilation capacity, stem
hydraulic conductivity, and drought tolerance, all of which have
direct effects on species performance and fitness (Pineda-Garcia
etal, 2013; Li et al., 2015; Skelton et al., 2015; Zhu et al., 2018).

This study was conducted in an old growth, speciose,
subtropical, evergreen forest in southern China. Large variation
in species’ abundances, ranging from 1 to 5,996, was observed
in a permanent 200,000 m? plot (Lin et al, 2013). We used
an extensive dataset to explore whether the variation in species
abundance was related to differences in plant physiological
traits. Specifically, we used a dataset of 101 tree species,
which account for 96.56% of the individuals in this subtropical
forest (see Supplementary Data Sheet 1), and quantified a

number of key functional traits that directly or indirectly reflect
different resource acquisition strategies and drought tolerance to
determine to what extent functional traits can predict species’
abundances. Previous studies have found that soil phosphorus
content and light are the factors most affecting plant growth
and survival, while precipitation and soil nitrogen content in
this study area are relatively high (Vitousek et al., 2010; Zhou
et al., 2011; Lin et al, 2013). We therefore expected that fast-
growing pioneer species with acquisitive traits (high leaf nutrient
content, high specific leaf area, high carbon assimilation rate,
high hydraulic conductivity and low wood density), which
require nutrient-rich soils and sufficient light for recruitment,
may be less common than slow-growing, shade-tolerant species.
Additionally, due to relatively high precipitation in this area, we
expected the associations between drought tolerance traits and
species abundance would be weak.

MATERIALS AND METHODS

Study Site and Plant Community Survey

The study site was located in the Dinghushan Biosphere
Reserve (23°09'21”N-23°11'30"N, 112°32/39"E-112°35'41""E),
about 84 km west of the city of Guangzhou, in Guangdong
province of southern China. The region has a typical subtropical
monsoon climate, with an average annual precipitation of
1678 mm. About 80% of the annual precipitation falls during
the wet season, which lasts from April to September, resulting
in a distinct seasonality (Zhou et al, 2011). A permanent
200,000 m2 (400 x 500 m) plot was established in the reserve
in 2005. Vegetation in the plot is characterized by an old-growth
(>400 years), monsoon, evergreen broadleaved forest. All living
stems with a diameter at breast height (DBH) > 1 cm were
labeled. A total of 71 617 stems belonging to 210 species, 119
genera, and 56 families were recorded in the plot (Lin et al., 2013).
Discrete and continuous abundance measures are commonly
used to estimate plant abundance, such as stem density, basal
area, and biomass (Anderson et al., 2012). In the present study,
we calculated species’ abundances based on the total number
of individuals and total basal area for each species in the
plot. Species’ abundances measured by basal area are shown in
Supplementary Figures 1-5 and Supplementary Table 1. We
focused our measurements and analyses on 101 species, which
accounted for 96.56% of all individuals in the community.

Plant Functional Traits Measurement
We selected 10 functional traits to represent the major axes
of plant functional variation (Reich, 2014). The 10 traits,
when considered together, document the trade-off between fast-
growing species and slow-growing species. For each species,
three to five individuals with DBH comparable to the mean
DBH of that species in the plot were sampled. Traits of 48 out
of the 101 species have been reported previously (Zhu et al,
2013; Li et al.,, 2015), and traits for the other 53 species were
measured in this study.

We quantified the carbon, phosphorus, and nitrogen economy
of leaves by measuring specific leaf area (SLA), leaf phosphorus
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content per unit mass (P,yss), leaf nitrogen content per unit mass
(Npass) and Nyass: Pinass ratio (N:P). These traits are considered
part of the leaf economics spectrum (Reich et al., 1997; Wright
et al., 2004). For leaf area measurements, 20 fully expanded, sun-
exposed leaves in the canopy of three to five individuals per
species were measured with a leaf area meter (Li-3000A; Li-Cor,
Lincoln, NE, United States), with petioles and/or rachis removed.
For shade-tolerant species growing in the understory, leaves were
collected from the top of the canopy. Leaves were oven-dried at
70°C for 48 h after which dry mass was determined. SLA (cm?
g~ 1) was calculated as leaf area per dry mass. The oven-dried
leaves were then ground to a fine powder. Ny45 (g g_l) was
determined by Kjeldahl analysis, and P (g g~ 1y was measured
using atomic absorption spectrophotometry.

We assessed light capture strategies by measuring maximum
CO;, assimilation rate per unit mass (A;gs; nmol g_1 )
and stomatal conductance per unit mass (gs; mmol g~! s71).
Maximum CO; assimilation rate per unit area (Agpeq; |mol
m~2 s7!) and stomatal conductance per unit area (gy,; mol
m~2 s71) were measured between 9:00 and 11:00 am on sunny
days with a Li-6400 portable photosynthesis system (Li-6400, Li-
Cor, Lincoln, NE, United States). Based on preliminary trials,
the photosynthetic photon flux density was set to 1,500 pmol
m~2 57! to ensure that leaves of all species were light-saturated.
Ambient CO; and air temperature were maintained at 390 pumol
mol~! and 28 °C, respectively. Prior to the data being recorded,
leaves were exposed to these conditions for 5-10 min to allow
for gas exchange flues to stabilize. For each species, five to
ten fully expanded sun-exposed leaves were measured. A,
was calculated as SLA X Ag.,/10, and g was calculated as
SLA x g,/10.

We assessed biomass allocation and hydraulic capacity by
measuring sapwood density and hydraulic conductivity. In brief,
5-10 healthy and leaf-bearing branches (6-8 mm in diameter,
40-60 cm long) from three to five individuals per species were
cut in the early morning, sealed in black plastic bags with moist
towels, and immediately transported to the laboratory. Prior to
measurements, branch samples were re-cut under water and the
cut ends retrimmed with a razor blade. To remove air embolisms,
branch segments were perfused with a filtered (@ 0.2 pm)
20 mmol KCI solution at a pressure of 0.1 MPa for 20 min.
Each segment was then connected to a hydraulic conductivity-
measurement apparatus (Sperry et al., 1988). An elevated water
reservoir supplied the same perfusion solution to the segment
during conductivity measurements, with a head pressure of ~
6 kPa. Water flow through the segment was allowed to equilibrate
for ~10 min, after which the mass of water flux through the
segment over time (in seconds) was measured. The maximum
hydraulic conductivity of the segment (Kj;) was calculated as
Kj = FL/AP, where F is the flow rate (kg s71), AP is the
pressure gradient (MPa) through the segment, and L is the length
of the segment (m). Sapwood area was quantified as the stem
diameter (without bark) minus pith diameter. Sapwood-specific
conductivity (Kg; kg m~!s~! MPa~!) is equivalent to K}, divided
by the mean of the sapwood cross-sectional areas of the two
ends of the branch segment. Leaf area of all the leaves distal
to the branch segment was measured with a leaf area meter

(Li-3000A; Li-Cor, Lincoln, NE, United States). Leaf-specific
hydraulic conductivity (K ; kg m~!s7! MPa~!) was calculated as
the ratio of Kj, to the leaf area distal to the branch. The sapwood
density (WD; g cm™?) was determined from the same branch
segments as used for the hydraulic conductivity measurements.
The volume of fresh sapwood (with bark and pith removed) was
determined by the water displacement method (Poorter et al.,
2010), and the dry mass of the sapwood chunk was determined
after oven-drying at 70°C for 72 h. WD was calculated as the ratio
of dry mass to fresh volume.

We quantified leaf drought tolerance by measuring leaf
turgor loss point (). For leaf pressure-volume relationships,
leaf-bearing branches from three to five individuals of each
species were harvested in the early morning, when leaf water
potentials are high. These branches were transferred to the
laboratory, where the basal ends of the branches were recut
and immersed in distilled water and allowed to rehydrate
while the leafy shoots were covered with plastic. For pressure-
volume curve measurements, we used terminal leaves that had
not been in contact with water. Leaves were first weighed to
obtain the initial fresh mass and then immediately placed in
a pressure chamber to determine the initial water potential.
Leaf mass and water potential were measured periodically
while leaves slowly desiccated in the laboratory. Leaves were
eventually oven-dried for 48 h at 70°C to determine their dry
mass. The leaf water potential at the turgor loss point (Vry,)
was determined with a pressure-volume relationship analysis
program developed by Schulte and Hinckley (1985).

Statistical Analysis

All data were analyzed in R 4.0.3 (R Core Team, 2015) and
are provided in the Supplementary Data Sheet 1. Prior to
analyses, functional traits and species’ abundances were first log-
transformed to normalize the data, which reduced the influence
of species with extreme values. If the variable had negative values
such as leaf turgor loss point, absolute values were used. To
account for shared evolutionary history and its effects on species
traits, we performed phylogenetically informed statistical tests.
We used a dated phylogeny for seed plants (Smith and Brown,
2018). The phylogenetic tree was built using the phylo.maker
function in the R package V.PhyloMaker (Jin and Qian, 2019). To
test whether species’ abundances could be predicted by individual
functional traits, we performed simple linear regressions based on
phylogenetic independent contrasts (PICs) (Felsenstein, 1985).
To examine multivariate associations among the 10 traits across
species, we performed phylogenetic principle component analysis
(PPCA) using the PICs of functional traits. The relationships
between species loadings on the first two PCA axes and the
abundance of individual species were then analyzed with least-
squares regressions. PICs were calculated using the pic function
in the R package ape (Paradis and Schliep, 2019). PPCA was
carried out using the PCA function in the R package FactoMineR
(Lé et al., 2008).

Multiple linear regression models were used to examine the
relationships between species abundance and all of the functional
traits. We used the BIC statistic to select the best model
(combination of predictors and their interactions). Only models
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including non-correlated predictors (with a variance inflation
factor <3) were considered.

RESULTS

Most of the phylogenetic correlations between functional traits
and species abundance (stem density) were statistically significant
(Figures 1-5). In these relationships, traits explained between 0
and 27% of interspecific variation in abundance.

We found that species abundance was not significantly
correlated with Nyas (P2 = 0.0002, P = 09), but was
significantly and negatively associated with Pjyqss (r* = 022,
P < 0.0001) and was significantly and positively correlated
with N:P (¥» = 027, P < 0.0001) (Figure 1). This result
indicates that species with conservative phosphorus use
strategies are highly abundant. The ratio of N:P ranged from
11.92 to 42.25, and 89.1% of all species had a N:P > 16,
suggesting that the community was phosphorous-limited
(Supplementary Data Sheet 1).

Species abundance and SLA were significantly and negatively
related (r* = 0.08, P = 0.0002) (Figure 2A), indicating that
species with a low specific leaf area have a high abundance.
Species abundance was significantly and negatively related to
both Apges (2 = 0.18, P < 0.0001) and g (* = 0.26,
P < 0.0001) (Figures 2B,C), suggesting that relatively higher
carbon acquisition rates do not lead to a higher species
abundance. Similar patterns were found for hydraulic traits,
where Kg (©* = 0.15, P < 0.0001) and K; (* = 0.17,
P < 0.0001) were significantly and negatively correlated with
species abundance (Figures 3B,C). Species abundance was
significantly and positively correlated with WD (* = 0.17,
P < 0.0001) (Figure 3A), indicating that species with relatively
high biomass allocation to their stems were more abundant.
However, species abundance was not significantly correlated with
—Vr4, (Figure 4), indicating that leaf drought tolerance did not
influence species abundance.

In order to assess multivariate strategies of species, we
conducted a PCA on the 10 functional traits across the 101
species. The first two principal components captured 50.07%
of the variance, with 32.08% in the first axis (Figure 5). The
first PCA axis had strong positive loadings for leaf nutrient
content (Py4), stem hydraulic conductivity (Ks and Kp)
and photosynthetic-related traits (g; and A,4), and negative
loadings for WD, N:P and —r4,. The second PCA axis explained
17.99% of the variation, and was primarily driven by stem
hydraulic conductivity (Ks and Ki) and Nyas. We found
that species abundance was significantly correlated with species
loadings on the first axis (r* = 0.28, P < 0.0001).

The best multiple regression model explained 44% of the
variation in species abundance. The model included g; and N:P
(Table 1) and shows that functional traits account for a relatively
large proportion of variation in species abundance.

Analyses of species abundance measured by basal area showed
similar results as stem density (Supplementary Figures 1-5
and Supplementary Table 1). Most of the relationships did
not change significantly, however, the proportion of variance in
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FIGURE 1 | Phylogenetic correlations between species abundance and (A)
leaf nitrogen concentration (Nmass), (B) leaf phosphorus concentration (Pmass),
and (C) leaf nitrogen: leaf phosphorous content (N:P).

species abundance explained changed. N4, Ks and gy were
not significantly correlated with basal area, while Py, SLA,
Apass> gs> and Ky, were significantly and negatively correlated with
basal area. N:P and WD were significantly positively correlated
with basal area.
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DISCUSSION

In the present study, our results showed that individual functional
traits accounted for 0-27% of the variance in species abundance,
while the two functional traits included in the best model (i.e.,
g and N:P) accounted for 44% of the variance. We found

that slow-growing species with a low nutrient content (low
Piass) and high N:P, high resource input into construction
(low SLA and high WD), low carbon fixation rates (low A s
and g), and low hydraulic conductivity (low Ks and K;) have
more individuals than fast-growing species with the opposite
trait patterns. Additionally, leaf drought tolerance did not
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affect species abundance. These results revealed that a relatively
low carbon assimilation rate, low water transport efficiency,
and a conservative nutrient use strategy contributed to high
species abundance.

In phosphorus-limited subtropical forests, species that possess
traits associated with adaption to phosphorous limitation would
be predicted to have higher abundances. Indeed, we found species
with relatively low P45 and high N:P ratio, traits associated with
adaption to phosphorous limitation, to be dominant in the forest.
This result was supported by previous work, which found that
plants in phosphorus-limited sites are characterized by relatively
low leaf phosphorus contents and high N:P ratios (Lambers et al.,
2010). The mean leaf N:P for the species we studied was 23.45,
indicating strong P-limitation (Koerselman and Meuleman,
1996). Relatively low nutrient contents in tissues may reduce
the demand for limited resources and provide more structural
tissue for the same amount of nutrients (Chapin, 1980; Lambers
etal,, 2010). Additionally, low nutrient content is often associated
with higher physical and chemical defenses in the tissues, which
can reduce the risk of being attacked by microorganisms and
herbivores (Coley and Barone, 1996). However, Ny s was found
to not significantly correlate with species abundance, likely due
to relatively high soil nitrogen content and nitrogen deposition
in the study region (Fang et al., 2009).

The other two traits we found to be significant in our
study (WD and SLA) are important in carbon allocation, which
underlies much of the variation in other functional traits (Osnas
et al., 2013; Supplementary Figure 6). High WD and low SLA
lead to a relatively high carbon allocation toward structural
support, a low growth rate, a high resistance to mechanical
damage, and a high resistance to pathogenic and fungal attack, all
of which decrease the risk of damage and death to plants (Clark
and Clark, 2001; Poorter et al., 2010; Falster et al., 2011). Recently,
Paradis and Schliep (2019) found that species with high WD are
able to tolerate competition and are more competitive than their
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FIGURE 5 | Phylogenetic principal component analysis (PPCA) for the first
two principal components (PC) on the 10 functional traits of the 101 studied
species. (A) Loading plots for the first two axes and species loadings on the
first and second axes. (B,C) Relationships between species loadings on the
first two axes and species abundance. Npmass, leaf nitrogen concentration;
Pmass, leaf phosphorus concentration; leaf phosphorous content (N:P); SLA,
specific leaf area; Amass, maximum CO» assimilation rate per unit mass; gs,
stomatal conductance per unit mass; WD, sapwood density; Kg,
sapwood-specific hydraulic conductivity; leaf-specific hydraulic conductivity
(KL); Wyp, turgor loss point.

neighbors, while species with low SLA are highly competitive
with their neighbors. Thus, species with a low WD and high SLA
grow faster and may have advantages in the short-term, while
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TABLE 1 | Results of the multiple regression for plant functional traits and species
abundance based on PICs.

Models N B SEB t F R? P

gs+N:P 93 36.87 044  <0.0001
Js —-153  0.28 —5.35 <0.0001
N:P 3.84 0069 552 <0.0001

Stomatal conductance per unit mass (gs); N:P (Nmass:Pmass)-

species with well-defended, high-density stems and a low SLA
may have advantages over the long-term (Riiger et al., 2012).

Many studies have shown that plant physiological traits,
such as plant carbon acquisition and hydraulic conductivity,
are crucial for species survival and growth (Kraft and
Ackerly, 2010; Poorter et al, 2010; McDowell, 2011; Adler
et al, 2014). Relatively few studies, however, have tested
whether these traits can affect species’ abundances in a forest
community. We tested whether physiological traits (e.g., carbon
acquisition, hydraulic conductivity, and drought tolerance) were
associated with species abundance. We found that carbon
acquisition rate and hydraulic conductivity rate were significantly
negatively correlated with species abundance (P < 0.001), while
traits associated with drought tolerance were not significantly
correlated with species abundance.

It is not surprising that high carbon assimilation, high
stomatal conductance, and high hydraulic conductivity did
not lead to high species abundance in our forest. Instead,
plants that employ a conservation strategy are more successful
than those focusing on a higher efficiency of carbon gain
in shady environments in old-growth forests (Baltzer and
Thomas, 2007; Lusk et al., 2011). Moreover, according to the
resource availability hypothesis, species adapted to resource-poor
environments usually grow more slowly, and invest more in
constitutive defenses and construction (Endara and Coley, 2011).
Notwithstanding what is limiting in a specific environment (e.g.,
light, nutrients, water), a fast or slow growth strategy results in
a similar set of leaf and stem traits (Reich, 2014). In the old
growth forest we studied, superior competitors that are able to
persist in a resource-limited environment (low soil phosphorus
content and low light), possess traits such as low P, low
SLA, and high WD. These traits also led to a low stomatal
conductance, low carbon assimilation rate, and low hydraulic
conductivity (Supplementary Figure 6). However, drought
tolerance did not influence variation in species abundance in the
old-growth forest, likely due to the low likelihood of experiencing
physiological drought because of high precipitation and high
atmospheric humidity. When water is not a limiting factor,
drought tolerance traits tend to be convergent and not divergent
in plant communities (Garnier and Navas, 2012).

Collectively, our findings suggest that plant traits are strong
predictors of species’ abundances. We confirmed the prediction
that dominant species in mature forests grow more slowly
and invest constitutively more in their tissues. Along a rank-
abundance curve, dominance declines in association with a
transition from a resource-conservative strategy to a resource-
acquisitive strategy. Stable community structure is the result of

a dynamic equilibrium, and in a mature forest this is reflected
in patches with different successional age (Chambers et al.,
2013). In a mature forest, gaps (e.g., due to tree falls) allow the
establishment of fast-growing pioneer species with high nutrient
concentrations in their tissues, high carbon assimilation rates,
and high hydraulic conductivity. However, ecological succession
in these gaps is associated with declines in soil nutrient content
and light intensities. As a result, these fast-growing pioneer
species will gradually be replaced by a sequence of slow-growing,
shade-tolerant species (Tilman, 1990).

Opverall, the observed pattern between functional traits and
species’ abundances was possibly due to limited soil phosphorus
content and/or limited light in the old-growth forest. We
acknowledge potential uncertainties and limitations in this study.
First, the best multiple regression model explained 44% of the
variation in species abundance, meaning that the majority of
the variation in species abundance (56%) remains unexplained.
Clearly, other factors can influence species’ abundances, such
as the biogeographic history of the region and stochastic
processes associated with neutrality (Gilbert and Lechowicz,
2004; Cornwell and Ackerly, 2010). It should also be noted that
the traits we measured represent only some of the characteristics
of plant function. Other traits that we did not measure (e.g.,
seed mass, leaf life span, and root traits) may also influence
species abundance. Lastly, we measured the functional traits of
101 species, accounting for 96.56% percent of the individuals
found in the community. However, there were additional 3.44%
individuals that were not studied, which could potentially
lead to bias in our assessment of the relationships between
traits and abundance.
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