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Abstract

1.

Anthropogenic environmental changes are known to affect the Earth's ecosys-
tems. However, how these changes influence assembly trajectories of the im-

pacted communities remains a largely open question.

. In this study, we investigated the effect of elevated nitrogen (N) deposition and in-

creased precipitation on plant taxonomic and phylogenetic p-diversity in a 9-year

field experiment in the temperate semi-arid steppe of Inner Mongolia, China.

. We found that both N and water addition significantly increased taxonomic p-di-

versity, whereas N, not water, addition significantly increased phylogenetic #-di-
versity. After the differences in local species diversity were controlled using null
models, the standard effect size of taxonomic p-diversity still increased with both
N and water addition, whereas water, not N, addition, significantly reduced the
standard effect size of phylogenetic p-diversity. The increased phylogenetic con-
vergence observed in the water addition treatment was associated with colonizing
species in each water addition plot being more closely related to species in other
replicate plots of the same treatment. Species colonization in this treatment was
found to be trait-based, with leaf nitrogen concentration being the key functional
trait.

. Synthesis. Our analyses demonstrate that anthropogenic environmental changes

may affect the assembly trajectories of plant communities at both taxonomic and
phylogenetic scales. Our results also suggest that while stochastic processes may
cause communities to diverge in species composition, deterministic process could

still drive communities to converge in phylogenetic community structure.
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1 | INTRODUCTION

Understanding mechanisms driving compositional variation across
ecological communities, frequently referred to as p-diversity, is one
of the major goals of community ecology (Anderson et al., 2011;
Chase & Myers, 2011; Whittaker, 1960). Across large spatial scales,
evolutionary and biogeographic processes such as in situ diversifi-
cation may constitute an important source of p-diversity (Graham &
Fine, 2008; Ricklefs, 2006, 2008). Ecological theories that explain
B-diversity among communities, which generally ignore evolutionary
processes, fall into two broad categories. The niche theory suggests
that p-diversity arises largely from deterministic processes, driven
by ecological selection favouring different species across locali-
ties characterized by different environmental conditions (Chase &
Leibold, 2003). In contrast, the neutral theory suggests that g-diver-
sity could simply arise from ecological drift, driven by stochastic pro-
cesses such as chance colonization and random demographic events
(Bell, 2001; Hubbell, 2001). Ecological communities are known to
be subject to the influence of both niche-based ecological selection,
which would cause communities sharing similar environmental con-
ditions to be structurally similar (i.e. low p-diversity), and stochastic-
ity-based ecological drift, which could cause substantial structural
dissimilarity among communities (i.e. high p-diversity) even in sim-
ilar environments (Adler, HilleRisLambers, & Levine, 2007; Gravel,
Canham, Beaudet, & Messier, 2006; Leibold & McPeek, 2006). As
anthropogenic environmental changes, such as increased nitrogen
(N) deposition and changing precipitation, continue to affect ecosys-
tems world-wide (Vitousek, Mooney, Lubchenco, & Melillo, 1997),
it is essential to understand how these changes affect the relative
importance of the two contrasting processes in shaping commu-
nity assembly, and, consequently, B-diversity among the assembled
communities.

Anthropogenic environmental changes in the form of resource
amendment (e.g. increased N deposition and elevated precipitation)
may have the potential to impact the trajectory of community as-
sembly, and thus B-diversity in opposite directions. For example in
environments where limited resource supply presents an important
environmental filter that excludes many species whose resource
requirements are not met, increased resource input may relieve
environmental harshness and allow a greater number of species to
successfully colonize the habitat; the resulting larger species pool
could then more readily give rise to alternative community states
(Chase, 2003; Fukami, 2004; Jiang, Joshi, Flakes, & Jung, 2011;
Law & Morton, 1993; Levine, Bascompte, Adler, & Allesina, 2017;
Saavedra et al., 2017), resulting in increased f-diversity. The in-
creased environmental productivity under resource enrichment
may further promote the presence of alternative community states
(Chase, 2010; Ejrnaes, Bruun, & Graae, 2006; Isbell, Tilman, Polasky,
Binder, & Hawthorne, 2013). On the other hand, increased resource
input may favour species with certain traits but make the condition
less favourable for other species (e.g. Dickson, Mittelbach, Reynolds,
& Gross, 2014), which would lead to increased dominance of the

same species assemblages across communities, resulting in reduced

B-diversity. In addition, resource enrichment may often cause the re-
duced availability of other resources and increased intensity of com-
petition for these resources (e.g. light for plants, Hautier, Niklaus,
& Hector, 2009), accelerating deterministic competitive exclusion.

Notably, existing studies on the response of p-diversity to en-
vironmental changes have focused on taxonomic B-diversity that
captures turnover in species composition among sites (Chase, 2007,
2010; Myers, Chase, Crandall, & Jiménez, 2015; Zhang, Liu, Bai,
Zhang, & Han, 2011). It is less clear how phylogenetic p-diversity,
which accounts for evolutionary relationships among species, re-
sponds to environmental changes [but see Guo et al. (2018) for a
study of climate warming on soil microbial communities]. Studying
phylogenetic p-diversity, however, could provide novel insight into
how communities respond to environmental changes beyond those
obtained via studying taxonomic B-diversity alone (Gerhold, Cahill,
Winter, Bartish, & Prinzing, 2015; Graham & Fine, 2008; Hardy,
Couteron, Munoz, Ramesh, & Pélissier, 2012). For instance the study
of both taxonomic and phylogenetic B-diversity could allow the ex-
ploration of the idea that the degree of determinism in community
assembly may depend on the level of ecological organization ex-
amined (Diamond, 1975; Fox, 1987; Fukami, Bezemer, Mortimer, &
Putten, 2005). A group of phylogenetically closely related species
may exhibit largely similar responses to environmental changes, by
virtue of their similar traits, making the group-level response more
deterministic. However, changes in individual species within the
group may be less deterministic, as the result of ecological drift in-
fluencing populations of closely related species. We thus hypothe-
size that taxonomic and phylogenetic p-diversity may not necessarily
show similar responses to environmental changes.

Changes in species taxonomic and phylogenetic f-diversity
may be better understood by looking into species extinction and
colonization patterns. Species loss may depend on their traits and
evolutionary history, such that species of certain clades may suffer
greater extinction risk than species of other clades (Purvis, Agapow,
Gittleman, & Mace, 2000). For example legumes, which can well tol-
erate low soil N concentrations, may experience elevated extinction
under elevated N levels (Stevens, Bunker, Schnitzer, & Carson, 2004;
Xia & Wan, 2008). The deterministic loss of these clades across
communities, in response to environmental changes, would promote
community convergence, resulting in reduced taxonomic and phy-
logenetic B-diversity (Figure 1a). Phylogenetic p-diversity, however,
may not necessarily decline as rapidly as taxonomic p-diversity if
only some, not all species belonging to the same clades face extinc-
tion. Extinction, however, is far from deterministic (Lande, 1993;
Lande, Engen, & Saether, 2003). The random loss of species, espe-
cially those with small population sizes (Matthies, Brauer, Maibom,
& Tscharntke, 2004; Suding et al., 2005), in different locations may
drive divergence of species composition among communities, result-
ing inincreased taxonomic and phylogenetic B-diversity (Figure 1b,c).
Likewise, colonization could be either stochastic or deterministic,
causing corresponding changes in taxonomic and phylogenetic
B-diversity (Figure 1d,f,g). Colonization-induced changes in phyloge-
netic -diversity also may not necessarily parallel those in taxonomic
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FIGURE 1 A conceptual diagram of the potential effects of species colonization and extinction on community taxonomic and

phylogenetic beta diversity. Plot A and B are two replicate plots under the same experimental treatments. For illustration purpose, here we
only relate colonization/extinction in plot B (focal plot) to communities in plot A (reference plot). The overall effects of species colonization
and extinction on community taxonomic and phylogenetic beta diversity could be assessed by averaging all possible pairwise combinations

of replicate plots that are subject to the same treatments. Phylogenetic dissimilarity ., i,ation/extinctinction 1S the standardized effect size of
phylogenetic B-diversity between colonized/extinct species in plot B and final community composition of plot A. (a) Extinction eliminates
species in plot B that are distantly related to final species composition in plot A, leading to decreased taxonomic and phylogenetic beta
diversity between the two plots. (b) Random extinction of species in plot B leads to increased taxonomic beta diversity and increased or
unchanged phylogenetic beta diversity between the two plots. (c) Extinction eliminates species in plot B that are closely related to final
species composition in plot A, leading to increased taxonomic and phylogenetic beta diversity between the two plots. (d) Colonization of
species into plot B leads to similar final species composition in the two plots, leading to decreased taxonomic and phylogenetic beta diversity
between the two plots. (e) Colonization of species into plot B that are not present in plot A but closely related to final species composition
in plot A leads to increased taxonomic but decreased phylogenetic beta diversity between the two plots. (f) Random colonization of species
into plot B leads to increased taxonomic beta diversity and increased or unchanged phylogenetic beta diversity between the two plots.

(g) Colonization of species that are distantly related to final species composition in plot A into plot B leads to increased taxonomic and

phylogenetic beta diversity between the two plots

B-diversity. For example the colonization of a group of species in
which members are closely related would drive the communities
towards phylogenetic convergence, but may not necessarily cause
taxonomic convergence if other factors, such as dispersal limitation,
prevent the same species from colonizing all localities. Under this
circumstance, we would expect increased taxonomic p-diversity but
decreased phylogenetic p-diversity (Figure 1e).

Here, we report on a field experiment, conducted in a temperate
steppe in northern China, to investigate the effects of N and pre-
cipitation amendment on taxonomic and phylogenetic p-diversity of
plant communities. The temperate steppe in this area is currently
experiencing significant anthropogenic environmental changes, in-
cluding increased N deposition and precipitation (Chen et al., 2013;
Niu et al., 2010; Xia, Niu, & Wan, 2009), necessitating a thorough un-
derstanding of their ecological consequences. Previous work at the
study site has documented changes in a number of community and
ecosystem properties, including functional group composition (Yang
etal., 2011), ecosystem productivity, respiration and net C exchange
(Niu et al., 2009, 2010), community stability (Yang et al., 2012)
and plant phylogenetic community structure (Yang et al., 2018),
in response to experimental manipulations of N and precipitation.

However, the question of how these environmental changes affect
the trajectory of community assembly remains unanswered. We
showed that both N and water addition increased the standard ef-
fective size of taxonomic p-diversity, whereas water, not N, addi-
tion, reduced the standard effective size of phylogenetic p-diversity,
suggesting that anthropogenic environmental changes differentially
affected plant community assembly trajectories at taxonomic and

phylogenetic scales.

2 | MATERIALS AND METHODS
2.1 | Study site, experimental design and vegetation
sampling

The experiment was conducted in a natural grassland at the Duolun
Restoration Ecology Station of the Institute of Botany, Chinese
Academy of Sciences, located in a temperate steppe (42°02’ N,
116°17’ E) in Inner Mongolia, China. The study area has a semi-arid
continental monsoon climate with annual precipitation of 378 mm
and mean annual temperature of 2.1°C. Dominant plant species (in

terms of cover) in this area are perennial grasses and forbs, including
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Stipa krylovii, Artemisia frigida, Potentilla acaulis, Cleistogenes squar-
rosa, Allium bidentatum and Agropyron cristatum. Our study site was
heavily grazed by livestock prior to 2001; it has been fenced since
2001 to exclude large herbivores.

The experiment used a split-plot design with N addition being
the primary factor and water addition being the secondary factor.
Four pairs of 45 x 28 m plots were established in 2005, with two
plots in each pair assigned to the control and N addition treatments
respectively. Within each plot, we set up two 15 x 10m subplots
assigned to the control and water addition treatments respectively.
N enrichment was accomplished by adding 10 g N/m? year* in July
2005 in the form of urea and in July from 2006 to 2013 in the form
of NH,NO,. The rate of natural N deposition in the study area is ap-
proximately 1.47 g N/m? year™ (Zhang et al., 2017), and the amount
of N addition applied is comparable to the rate of atmospheric nitro-
gen deposition in the North China Plain (about 8.33 g N/m? year’l;
He, Liu, Fangmeier, & Zhang, 2007), where agricultural activities and
fossil fuel consumption are more concentrated. Water addition was
conducted by adding 15 mm of water weekly in July and August, re-
sulting in an approximately 30% increase in water supply each year.
More detailed information on the study area and experimental de-
sign can be found in Yang et al. (2012).

We surveyed the experimental plots in August each year from
2005 to 2013. In each plot, we placed a 1 x 1 m frame with 100
10 x 10 cm grids into a randomly selected 1 x 1 m quadrat. All spe-
cies in each grid were identified and their coverage were estimated
based on their occurrence within the 100 grids. We also collected
data on key plant functional traits, including plant height, rooting
depth, leaf N concentration and specific leaf area (SLA). Unlike our
previous work (Yang et al., 2018), which extracted most trait data
from the TRY database (Kattge et al., 2011), here we measured most
data in situ. Plant height was measured as the maximum height of
each species in the experimental plots at the beginning of the ex-
periment. Plant samples for the measurement of other traits were
collected from a nearby grassland outside the experimental plots.
Rooting depth, leaf N concentration and SLA of 26 common species
were measured according to Cornelissen et al. (2003). For species
for which trait data were not directly measured, we extracted data
on rooting depth, leaf N concentration and SLA from the TRY data-
base (Supporting Information Figure S1; Kattge et al., 2011).

2.2 | Phylogenetic tree

We constructed a phylogenetic tree for the 52 species observed in
the experimental area (Supporting Information Figure S1). First, we
built a genus-level phylogenetic tree based on the phylogeny of vas-
cular plants generated by Zanne et al. (2014) and Qian and Jin (2016).
However, species in the genera Allium, Astragalus and Potentilla were
absent from Zanne et al. and Qian & Jin's phylogeny. We thus extracted
the ITS1 and ITS2 sequences of species belonging to these genera
from GenBank and constructed a phylogenetic tree for each genus.
We aligned the sequences from GenBank with Clustal X (version 2.0;
Larkin et al., 2007), confirmed the alignment by observation, and

selected the best evolution model with jModelTest (version 2.1.10;
Guindon & Gascuel, 2003; Darriba, Taboada, Doallo, & Posada, 2012;
012,340 + G+F for Allium and Potentilla; 011,012 + F for Astragalus).
The phylogeny of each genus was constructed with the Bayesian
method in MrBayes (version 3.1.2; Huelsenbeck & Ronquist, 2001),
using the closest relative to each genus as the outgroup.

2.3 | Species and phylogenetic §-
diversities and their standardized effect sizes

To assess treatment effects on community convergence/divergence,
we calculated dissimilarities in species composition (i.e. taxonomic
B-diversity) and phylogenetic structure (i.e. phylogenetic f-diversity)
between replicated plots within the same treatment. Taxonomic p-
diversity was calculated using the abundance-weighted Bray-Curtis
dissimilarity index (Bray & Curtis, 1957). The Bray-Curtis index is
robust to sampling errors (Schroeder & Jenkins, 2018), and is widely
used to quantify taxonomic p-diversity among communities. The
value of Bray-Curtis dissimilarity approaches O when species com-
position is identical, and approaches 1 when species composition is
completely different. Phylogenetic p-diversity was quantified using
the abundance-weighted pairwise dissimilarity index DpW (Swenson,
2011; Webb, Ackerly, & Kembel, 2008). DpW is suitable for detect-
ing phylogenetically basal turnover between communities and con-
verges to the Bray-Curtis dissimilarity index in the case of a star
phylogeny (Swenson, 2011). It is calculated as:

n, = My, e
X fidug + X7 % 1)

pw ™ 2

where k; and k, are two communities, f; is the relative cover of spe-
cies i in community k, f]. is the relative cover of species j in com-
munity k,, Sik, 1s the mean pairwise phylogenetic distance between
species i in community k; and all species in community k, excluding
conspecific species and ?kl is the mean pairwise phylogenetic dis-
tance between species j in community k, and all species in commu-
nity k; excluding conspecific species. Larger values of Dpw indicate
greater phylogenetic distance between the compared communities.

In addition to niche-based and stochasticity-based ecological
processes, the observed patterns of taxonomic and phylogenetic
B-diversity may also be affected by both local community diversity
(a-diversity) and the size of the regional species pool (y-diversity).
In particular, when the regional species pool remains unchanged,
any factor that changes a-diversity could potentially alter p-di-
versity owing simply to random sampling effects (Anderson et
al., 2011; Chase, Kraft, Smith, Vellend, & Inouye, 2011; Chase &
Myers, 2011; Myers et al., 2013). Therefore, we performed null
model analyses to disentangle the variation in p-diversity from
variation in a-diversity. The null model analyses determined if the
observed patterns in taxonomic and phylogenetic p-diversity devi-
ated from the expectations of random assembly, after accounting
for changes in a-diversity. A null distribution of taxonomic p-di-

versity was generated by randomly sampling individuals from the
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regional species pool 999 times, while persevering the total plant
cover in each plot and the relative cover of each species in the
species pool (Kraft et al., 2011). Null distributions of phylogenetic
B-diversity were generated by randomizing the names of species
across the tips of the phylogenetic tree 999 times (Webb et al.,
2008). Standardized effect size (SES; Gotelli & Graves, 1996) was
calculated for taxonomic (pB-deviation) and phylogenetic (SES.DpW)
B-diversity using the mean and standard deviation of their respec-

tive null distributions:

Xobsered _Xnull

SES.X=
sd (Xnull)

(2)

where X, ...eq IS the observed p-diversity value between two com-
munities, X,y is the mean value of the null distribution and sd (X
is the standard deviation of the null distribution. Positive and neg-
ative values indicate higher and lower p-diversity than expected
by chance, respectively, whereas a value of zero indicates that the

observed p-diversity does not differ from random patterns.

2.4 | Species colonization and extinction

We classified a species to be locally extinct from a plot if they were
present in 2005 but absent in 2013, and defined new colonists as
species that were absent in 2005 but present in 2013 in a plot. To
examine the effect of new colonists on the taxonomic and phyloge-
netic dissimilarity among plots within a treatment, we calculated the
average B-deviation and phylogenetic SES.DpW between new colo-
nists in each replicate plot and final species composition in the three
other replicate plots under the same treatment (p-deviation(C) and
SES.DDW(C)). A negative B-deviation(C) or SES.DpW(C) indicates that
new colonists in a plot are more similar or phylogenetically more
closely related to the species composition in other plots of the same
treatments than expected by chance respectively. To examine the
effect of the extinct species on the taxonomic and phylogenetic
dissimilarity among plots within a treatment, we calculated the av-
erage B-deviation and phylogenetic SES.DIDW between extinct spe-
cies in each replicate plot and the final species composition in the
other replicate plots under the same treatment (f-deviation(E) and
SES.DPW(E)). For species extinction, a positive B-deviation(E) or SES.
DpW(E) indicates that the extinct species in a plot are more dissimilar
or phylogenetically more distantly related to the remaining species
in other plots of the same treatments than expected by chance re-
spectively. To address the possibility that the results based on 2005
and 2013 only may be vulnerable to observation error, we also di-
vided the experiment into three periods (2005-2007, 2007-2010
and 2010-2013), and analysed B-deviation(C/E) and SES.DpW(C/E)
for each period. Consistent results between the three periods would
lend greater credibility to our results.

To assess the contributions of species’ functional traits on the
pattern of SES.D,, we calculated SES.D , values of functional traits
for both colonist and extinct species using the dendrograms of the

measured functional traits (i.e. plant height, rooting depth, leaf N

concentration and SLA). We generated four trait dendrograms, one
for each functional trait, using UPGMA clustering based on the
Euclidean distance matrix (Petchey & Gaston, 2002).

2.5 | Statistical analysis

To test for the effects of N and water addition on taxonomic and
phylogenetic B-diversity and their standardized effect sizes over
time, we conducted a permutational multivariate analysis of vari-
ance (PERMANOVA; 999 permutations; Anderson, 2001) in which
fertilization, watering, time and their interactions were used as
explanatory variables. Following PERMANOVA, we also used per-
mutational analysis of multivariate dispersions (PERMDISP) to test
whether communities differ in their within-treatment dissimilarities
(Anderson, 2006; Anderson, Ellingsen, & McArdle, 2006).

We calculated the phylogenetic signal of the four functional
traits measured in this study using the K statistic (Blomberg,
Garland, & lves, 2003). The significance (p-values) of the phylo-
genetic signal was evaluated by comparing the variance of inde-
pendent contrasts for each trait to the expected values obtained
by shuffling leaf trait data across the tips of the phylogenetic tree
999 times. To assess the importance of species’ initial coverage
and functional traits on colonization and extinction, we ran logis-
tic regressions of species colonization/extinction as a function of
species’ initial coverage and trait values (i.e. plant height, rooting
depth, leaf N concentration and SLA). Species that did not colonize
or go extinct in any plot within a treatment were assigned a value
of 0. Otherwise, species were assigned a value of 1. We assigned
values for colonization and extinction separately.

All analyses were performed using R 3.5.1 (R Core Team., 2018).
The Bray-Curtis index was calculated using the vegdist function in
the package vegan (Oksanen et al., 2018), and DpW was calculated
using the comdist function in the package picante (Kembel et al.,
2010). The null communities were generated using the nullmodel
in the vegan package (Oksanen et al., 2018). PERMANOVA and
PERMDISP were performed using the functions adonis2 and beta-
disper in the vegan package respectively (Oksanen et al., 2018). The
analyses on phylogenetic signal were conducted using the function

multiPhylosignal in the picante package (Kembel et al., 2010).

3 | RESULTS

3.1 | Species taxonomic and phylogenetic -
diversity, and their standardized effect size

Taxonomic B-diversity (Bray-Curtis index) fluctuated significantly
over time in all but the water addition treatments. Taxonomic f-di-
versity exhibited a positive trend only in the N addition treatment,
resulting in greater p-diversity in this treatment than the controls
(Figure 2a). Phylogenetic B-diversity (Dpw) remained largely un-
changed in the N addition and N + water addition treatments, but
declined over time in the control and water addition plots, resulting
in greater phylogenetic p-diversity in the N addition and N + water
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FIGURE 2 Changes in taxonomic p-diversity, phylogenetic p-diversity and their respective standardized effect sizes among replicate
plots within each treatment over time. Taxonomic $-diversity and its standardized effect size were measured by (a) Bray-Curtis dissimilarity
and (b) B-deviation respectively. Phylogenetic B-diversity and its standardized effect size were measured by (c) DpW and (d) SES.DpW
respectively. Values are mean * standard error. The standardized effect sizes (-deviation and SES.DPW) show the magnitude of deviation
between observed p-diversity and the values generated from null models. Negative values indicate lower p-diversity than expected from

chance, whereas positive values indicate the opposite

addition plots towards the end of the experiment (Figure 2c).
PERMANOVA indicated that N enrichment, water addition, year and
all their two-way interaction terms significantly affected taxonomic
B-diversity, whereas phylogenetic p-diversity was only significantly
affected by N addition (Table 1). PERMDISP revealed that N, water
and N + water addition treatment increased the dispersion of spe-
cies composition (Supporting Information Figure S2).

B-deviation showed a similar temporal pattern as the Bray-
Curtis index. At the end of the experiment, p-deviation was not sig-
nificantly different from null expectation in the control plots, but
was significantly higher than null expectation in the N, water and
N + water addition treatments, with the highest values observed for
the N addition plots (Figure 2b). The standardized effect size of DpW
(i.e. SES.Dpw) was significantly greater than zero in all treatments ini-
tially (one-sample t-test, p < .05). At the end of the experiment, how-
ever, SES.DpW was significantly negative (one-sample t-test, p = .018)
in the water addition plots and not significantly different from

zero in the other treatments (one-sample t-test, p > .05; Figure 2d).

Correspondingly, PERMANOVA indicated that N enrichment, water
addition and their interaction terms significantly affected p-devia-
tion and that SES.D , was only affected by water addition (Table 1).
PERMDISP revealed that DpW showed greater dispersion in the N,
water and N + water addition treatments than the controls, whereas
SES. DpW showed lower dispersion in the water addition treatment
than other treatments (Figure S2, Table S1).

3.2 | Species colonization and extinction

In the control plots, most of the extinct species were forbs from the
genera Allium and Potentilla and most colonists were grasses from
the family Poaceae. In plots with N fertilization, in addition to spe-
cies that went extinct in the controls, some grasses from the family
Poaceae and Cyperaceae also went extinct; the few colonists were
mainly forbs from the families Rosaceae and Cruciferae. In the water
addition plots, however, the number of extinct species was much

lower, with most being extinct also in the control plots. Species

TABLE 1 Results of permutational

s Pow LS SES.D,,, multivariate analysis of variance
Df F p F p F p F p (PERMANOVA) on the effects of N

enrichment, water addition, year and their

N 1 20.45 .001 11.62 .001 1.79 .001 0.87 1.000 interactions on community taxonomic

Water 1 5.21 .001 1.17 0.181 1.15 .001 1.02 .035 B-diversity (Bray-Curtis), phylogenetic

Year 1 12.42 001 1.55 0.055  1.00 467 098 924 p-diversity (D) and their respective

N:W 1 269 016 110 0212 108  .032 099  .858 standard effect sizes (p-deviation and SES.
Dpw). The analyses were performed using

N:Y 1 369 002 163 0047 116  .003 100 .64 999 permutations. p < 0.05 shown in bold.

WY 1 2.66 .011 1.30 0.113 1.10 .012 1.01 .110

N:W.Y 1 1.02 .382 0.92 0.499 1.00 .500 0.99 .765
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FIGURE 3 The taxonomic (B-deviation) and phylogenetic dissimilarity (SES.DpW) between (a, c) new colonists and (b, d) extinct species

of each plot and final species composition in the other three replicate plots within the same treatment. For species colonization, a negative
B-deviation(C) indicates that new colonists are more similar to the final communities in other replicates than expected by chance, and a
negative SES.DPW(C) indicates that new colonists are more phylogenetically closely related to the final communities in other replicates than
expected by chance, indicating deterministic colonization. For species extinction, a positive p-deviation(E) indicates that extinct species are
more dissimilar to the remaining species in other replicates than expected by chance, and SES.DpW(E) indicates that extinct species are more
phylogenetically distantly related to the remaining species in other replicates than expected by chance, indicating deterministic extinction.
* denotes values that are significantly different from zero based on one-sample t test (p < .05). Error bars represent standard errors

colonizing the water addition plots were mainly forbs from the fami-
lies Labiatae, Gentianaceae and Leguminosae (Figure S1).

The compositional dissimilarity between colonists and final
community composition within a treatment (i.e. p-deviation(C)) was
significantly greater than zero in all treatments, indicating that col-
onists were more dissimilar to species in other replicate plots than
null expectation (Figure 3a; one-sample t-test, p < .05). The com-
positional dissimilarity between extinct species and the final com-
munity composition within a treatment (i.e. p-deviation(E)) was also
significantly greater than zero in all treatments (Figure 3b; one-sam-
ple t-test, p < .05), indicating taxonomically deterministic extinction.
The phylogenetic SES.DpW between colonists and final community
composition within a treatment (i.e. SES.DpW (C)) did not significantly
differ from zero in the control, N addition and N + water addition
treatments (Figure 3c; one-sample t-test, p > .05), indicating phy-
logenetic randomness of species colonization in these treatments.
However, we found significant negative phylogenetic SES.DpW(C) in
the water addition treatment (Figure 3c; one-sample t-test, p =.035),
indicating that colonizing species in each water addition plot were
more closely related to species in other replicate plots than expected
by chance. The phylogenetic SES.DpW between extinct species and
final community composition within a treatment (SES.DpW(E)) was
not significantly different from zero in the N, water and N + water
addition treatments (Figure 3d; one-sample t-test, p > .05), indicating
phylogenetic randomness of species extinction in these treatments.
The average phylogenetic SES.DDW(E) in the controls was signifi-
cantly greater than zero (Figure 3d; one-sample t-test, p = .011),

indicating that extinction excluded species that were more phylo-
genetically distantly related to the final species composition than
expected by chance in this treatment. When the experiment was di-
vided into three periods (2005-2007, 2007-2010 and 2010-2013),
the patterns for g-deviation(C/E) and SES.DpW(C/E) within each pe-
riod were similar to those across all years (Figure S3).

Among the four functional traits measured in this study, signifi-
cant phylogenetic signal was detected only for leaf N concentration
(p = .035, Table S1). Therefore, we presented the results on leaf N
concentration in the main text and the results on other functional
traits in the supporting information (Supporting Information Figure
S4, S5, Appendix A, B). The SES.DpW(C) for leaf N concentration
showed a similar pattern with phylogenetic SES.DPW(C), such that
colonizing species in each water addition plot were more similar in
leaf N concentration with species in other replicate plots than ex-
pected by chance (Figure 4a, one-sample t-test, p = .036). For species
extinction, non-significant SES.DpW(E) for leaf N concentration was
found for all treatments (Figure 4b).

The initial coverage of species was a significant predictor of spe-
cies extinction in all treatments. Species with lower initial coverage
tended to have a greater probability of extinction (Figure 5a-d), cor-
responding with the taxonomically deterministic extinction found in
all treatments (shown in Figure 3b). Leaf N concentration affected
the likelihood of species colonization in the water addition treat-
ment, such that species with higher leaf N concentrations were more
likely to colonize (Figure 5g). In the N + water addition treatment,

leaf N concentration affected the likelihood of species extinction,
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such that species with higher N concentration suffered from greater extinction to the observed f-diversity patterns. We found that both
N enrichment and water addition significantly increased taxonomic f3-

diversity, and N enrichment also significantly increased phylogenetic
B-diversity. However, when the differences in local community size
4 | DISCUSSION were controlled for using null models, both N enrichment and water
addition significantly increased the standard effect size of taxonomic

risk of extinction (Figure 5h).

The Earth's ecosystems are facing widespread anthropogenic en- B-diversity (i.e. f-deviation), suggesting that resource enrichment led
vironmental changes. A key challenge is to elucidate how ecologi- to increased taxonomic divergence; water addition, not N enrich-
cal processes interact with evolutionary processes in influencing ment, significantly decreased the standard effect size of phylogenetic
diversity patterns across spatial scales in the face of anthropogenic p-diversity (i.e. SES.DpW), suggesting that water addition drove com-
environmental changes. In this study, we investigated the impact munities to converge towards more similar phylogenetic structure.

of elevated N deposition and precipitation on species taxonomic A number of experiments have assessed the effects of re-

and phylogenetic B-diversity, and linked species colonization and source addition on taxonomic B-diversity. Chalcraft et al. (2008)
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synthesized data from 18 N-enrichment experiments along a pro-
ductivity gradient across North America, and found that N addition
promoted p-diversity at low-productivity sites but reduced p-di-
versity at high-productivity sites, with the threshold productivity
around 400 g m~2 year™*. The positive treatment effects on B-di-
versity in our experiment are in accordance with this general pat-
tern, as the productivity at our study site is far below the threshold
(60 ~ 250 g m2 year'l, Xu et al., 2018). N and water are known
to be the two major limiting resources for our study grassland
(Bai, Han, Wu, Chen, & Li, 2004; Niu et al., 2010). Our results are
thus consistent with the idea that adding limiting resources en-
hances p-diversity in resource-scarce environments, where strong
environmental filtering limits community membership in a largely
deterministic manner (Chalcraft et al., 2008; Chase, 2010). Note
that in our experiment, both taxonomic p-diversity and p-devia-
tion increased in response to N and water addition, indicating that
the observed community divergence after N and water addition
was due to the enhanced role of stochastic processes rather than
changes in a-diversity. One possible mechanism for the more im-
portant role of stochastic assembly processes under resource en-
richment is that stronger priority effects may lead to the increased
likelihood of multiple community states in more benign environ-
ments (Chase, 2003, 2007, 2010). In our study, dispersal was highly
stochastic at the species level, as evidenced by the compositional
dissimilarity between colonized species in each plot and species in
other replicate plots (i.e. p-deviation (C)) being much higher than
null expectation in all treatments. Under resource amendment,
such stochastic dispersal may have led to high variability in species
arrival history and, in turn, strong priority effects, promoting the
taxonomic divergence of communities (Chase, 2010; Vannette &
Fukami, 2017).

We found that water addition, rather than N enrichment, signifi-
cantly decreased the standard effect size of phylogenetic p-diver-
sity (SES.DDW), driving the communities from being phylogenetically
divergent to being phylogenetically convergent (Figure 2d). Such
transition in the water addition treatment could be attributed to the
phylogenetically non-random colonization of species. Specifically,
the colonists in each plot after water addition were significantly re-
lated to species in other replicate plots (Figure 3c), resulting in phylo-
genetically similar community composition among plots. This pattern
contrasts with the taxonomically stochastic colonization and diver-
gence observed in the water addition plots (see the previous para-
graph), supporting our hypothesis that taxonomic and phylogenetic
B-diversity may not necessarily respond similarly to environmental
changes (Graham & Fine, 2008; Hardy et al., 2012). These results
emerged likely because water addition favours certain closely re-
lated species with similar traits (e.g. those with similar leaf N content,
Figure 4a), resulting in community convergence at the phylogenetic
scale, but facilitates the non-deterministic colonization of these spe-
cies among plots (Figure 3a), resulting in community divergence at
the species level. One way to confirm this explanation is to eliminate
the stochasticity associated with species colonization by, for exam-
ple seed addition, which would favour community convergence at

both taxonomic and phylogenetic scales. Indeed, a recent study has
found that fertilization and water addition into a California grassland
reduced plant taxonomic p-diversity when seeds of common species
were added to all experimental plots (Eskelinen & Harrison, 2015).
On the other hand, our results clearly show that considering both
phylogenetic and taxonomic turnover allows a better assessment of
the role of deterministic and stochastic processes in shaping ecolog-
ical communities.

We found evidence for functional trait-based species coloni-
zation in the water addition plots. Leaf N concentration, the only
plant trait that exhibited significant phylogenetic signal (Table S2),
was found to be more similar between the colonist in each plot
and the species in other replicate plots in the water addition, but
not other treatments (Figure 4a). Correspondingly, the probability
of colonization was strongly associated with leaf N concentration,
with N-rich species tending to have a greater probability of coloni-
zation (Figure 5g). Leaf N concentration is a key functional trait on
the “leaf economic spectrum” that relates to plant resource cap-
ture and conservation (Wright et al., 2004). N-poor species are
generally conservative in resource use and expected to be bet-
ter at coping with abiotic stress (Coley, Bryant, & Chapin, 1985;
Diaz et al., 2016; Reich, Walters, & Ellsworth, 1997; Wright et al.,
2004). Studies that explored relationships between leaf economic
traits and climate have found a general tendency for species in-
habiting arid and semi-arid regions to exhibit a more conservative
strategy in resource use (Wright, Reich, & Westoby, 2001). In line
with these findings, our result demonstrated that enhanced water
supply alleviated abiotic stress and facilitated species on the “ac-
quisitive” end of the leaf economic spectrum to colonize, which
resulted in phylogenetic homogenization among water addition
plots. Finally, we note that traits of the same plant species may
respond to resource amendment, such that they may also differ
among experimental treatments (Yan et al., 2015). This possibility,
however, would need to be addressed by future studies, as we only
quantified plant traits in the controls.

Our study provides, to our knowledge, the first experimen-
tal evidence that anthropogenic environmental changes can dif-
ferentially affect plant taxonomic and phylogenetic p-diversity.
Both N enrichment and water addition significantly increased
taxonomic p-diversity, whereas water addition, not N enrichment,
significantly reduced phylogenetic p-diversity, with the latter at-
tributed to colonizing species in each water addition plot being
more closely related to species in other replicate plots of the same
treatment. Our results thus illustrate that although stochastic pro-
cesses may cause communities to diverge more in species compo-
sition under anthropogenic environmental changes, deterministic
processes could still produce communities more convergent in
phylogenetic community structure. It remains to be seen whether
these findings apply to other systems and whether they extend to
ecosystem functions. For example an interesting question to ask
next is whether community phylogenetic convergence under pre-
cipitation amendment would translate into ecosystem functional
convergence.



2130 Journal of Ecology

YANG ET AL.

ACKNOWLEDGEMENTS

This project was supported by the National Natural Science
Foundation of China (grant no. 31361123001, 31430015 and
31770522) and the National Science Foundation of USA (grant no.
DEB-1342754, DEB-1856318 and CBET-1833988). We declare no
conflict of interest.

AUTHORS’ CONTRIBUTIONS

S.W,, L.J. and X.Y. conceived the project; G.L, D.S., H.S., M.Z., Z.Z.,
J.S. and J.R. carried out the field experiments and collected data;
X.Y. analysed the data; X.Y. and L.J. wrote the first draft of the manu-

script; all authors contributed substantially to revisions.

DATA AVAILABILITY STATEMENT

Data available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.nh1s3k3 (Yang et al., 2019).

ORCID

Xian Yang https://orcid.org/0000-0002-1527-7673
Guoyong Li https://orcid.org/0000-0003-0932-4063
Mingxing Zhong https://orcid.org/0000-0003-0397-3863
Jian Song https://orcid.org/0000-0001-9957-6533

Lin Jiang https://orcid.org/0000-0002-7114-0794
REFERENCES

Adler, P. B., HilleRisLambers, J., & Levine, J. M. (2007). A niche
for neutrality. Ecology Letters, 10, 95-104. https://doi.
org/10.1111/j.1461-0248.2006.00996.x

Anderson, M. J. (2001). A new method for non-parametric multivariate
analysis of variance. Austral Ecology, 26, 32-46.

Anderson, M. J. (2006). Distance-based tests for homogeneity of
multivariate dispersions. Biometrics, 62, 245-253. https://doi.
org/10.1111/j.1541-0420.2005.00440.x

Anderson,M.J.,Crist,T.O.,Chase,).M.,Vellend,M.,Inouye,B.D.,Freestone,
A. L., ...Swenson, N. G. (2011). Navigating the multiple meanings of
diversity: A roadmap for the practicing ecologist. Ecology Letters, 14,
19-28. https://doi.org/10.1111/j.1461-0248.2010.01552.x

Anderson, M. J,, Ellingsen, K. E., & McArdle, B. H. (2006). Multivariate
dispersion as a measure of beta diversity. Ecology Letters, 9, 683-693.
https://doi.org/10.1111/j.1461-0248.2006.00926.x

Bai, Y., Han, X., Wu, J., Chen, Z., & Li, L. (2004). Ecosystem stability and
compensatory effects in the Inner Mongolia grassland. Nature, 431,
181-184. https://doi.org/10.1038/nature02850

Bell, G. (2001). Neutral macroecology. Science, 293, 2413-2418. https://
doi.org/10.1126/science.293.5539.2413

Blomberg, S. P, Garland, T., & Ives, A. R. (2003). Testing for phyloge-
netic signal in comparative data: Behavioral traits are more labile.
Evolution, 57, 717-745. https://doi.org/10.1111/j.0014-3820.2003.
tb00285.x

Bray, J. R., & Curtis, J. T. (1957). An ordination of the upland forest com-
munities of southern Wisconsin. Ecological Monographs, 27, 325-349.
https://doi.org/10.2307/1942268

Chalcraft, D. R, Cox, S. B., Clark, C., Cleland, E. E., Suding, K. N., Weiher,
E., & Pennington, D. (2008). Scale-dependent responses of plant bio-
diversity to nitrogen enrichment. Ecology, 89, 2165-2171. https://doi.
org/10.1890/07-0971.1

Chase, J. M. (2003). Community assembly: When should history
matter?  Oecologia, 136, 489-498. https://doi.org/10.1007/
s00442-003-1311-7

Chase, J. M. (2007). Drought mediates the importance of stochastic
community assembly. Proceedings of the National Academy of Sciences
of the United States of America, 104, 17430-17434. https://doi.
org/10.1073/pnas.0704350104

Chase, J. M. (2010). Stochastic community assembly causes higher biodi-
versity in more productive environments. Science, 328, 1388-1391.
https://doi.org/10.1126/science.1187820

Chase, J. M., Kraft, N. J. B., Smith, K. G., Vellend, M., & Inouye, B. D.
(2011). Using null models to disentangle variation in community dis-
similarity from variation in o-diversity. Ecosphere, 2, art24. https://
doi.org/10.1890/ES10-00117.1

Chase, J. M., & Leibold, M. A. (2003). Ecological niches: Linking classical and
contemporary approaches. Chicago, IL: University of Chicago Press.

Chase, J. M., & Myers, J. A. (2011). Disentangling the importance of eco-
logical niches from stochastic processes across scales. Philosophical
Transactions of the Royal Society B: Biological Sciences, 366, 2351-
2363. https://doi.org/10.1098/rstb.2011.0063

Chen, W., Zheng, X., Chen, Q., Wolf, B., Butterbach-Bahl, K., Briiggemann,
N., & Lin, S. (2013). Effects of increasing precipitation and nitrogen
deposition on CH, and N,O fluxes and ecosystem respiration in a
degraded steppe in Inner Mongolia, China. Geoderma, 192, 335-340.
https://doi.org/10.1016/j.geoderma.2012.08.018

Coley, P. D., Bryant, J. P., & Chapin, F. S. (1985). Resource availability
and plant antiherbivore defense. Science, 230, 895-899. https://doi.
org/10.1126/science.230.4728.895

Cornelissen, J. H. C., Lavorel, S., Garnier, E., Diaz, S., Buchmann, N.,
Gurvich, D. E,, ... Poorter, H. (2003). A handbook of protocols for
standardised and easy measurement of plant functional traits
worldwide. Australian Journal of Botany, 51, 335-380. https://doi.
org/10.1071/BT02124

Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2012). CircadiOmics:
Integrating circadian genomics, transcriptomics, proteomics and me-
tabolomics. Nature Methods, 9, 445-466.

Diamond, J. M. (1975). Assembly of species communities. In M. L. Cody,
& J. M. Diamond (Eds.), Ecology and evolution of communities (pp. 342-
444). Cambridge, MA: Harvard University Press.

Diaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J,, Lavorel, S., Dray, S.,
... Gorné, L. D. (2016). The global spectrum of plant form and func-
tion. Nature, 529, 167-171. https://doi.org/10.1038/nature16489

Dickson, T. L., Mittelbach, G. G., Reynolds, H. L., & Gross, K. L.
(2014). Height and clonality traits determine plant community
responses to fertilization. Ecology, 95, 2443-2452. https://doi.
org/10.1890/13-1875.1

Ejrnaes, R., Bruun, H. H., & Graae, B. J. (2006). Community assembly in ex-
perimental grasslands: Suitable environmentortimely arrival? Ecology,
87,1225-1233. https://doi.org/10.1890/0012-9658(2006)87[1225:-
CAIEGS]2.0.CO;2

Eskelinen, A., & Harrison, S. (2015). Erosion of beta diversity under in-
teracting global change impacts in a semi-arid grassland. Journal of
Ecology, 103, 397-407. https://doi.org/10.1111/1365-2745.12360

Fox, B. J. (1987). Species assembly and the evolution of community
structure. Evolutionary Ecology, 1, 201-213. https://doi.org/10.1007/
BF02067551

Fukami, T. (2004). Assembly history interacts with ecosystem size to
influence species diversity. Ecology, 85, 3234-3242. https://doi.
org/10.1890/04-0340

Fukami, T., Bezemer, T. M., Mortimer, S. R., & Van Der Putten, W. H.
(2005). Species divergence and trait convergence in experimental


https://doi.org/10.5061/dryad.nh1s3k3
https://doi.org/10.5061/dryad.nh1s3k3
https://orcid.org/0000-0002-1527-7673
https://orcid.org/0000-0002-1527-7673
https://orcid.org/0000-0003-0932-4063
https://orcid.org/0000-0003-0932-4063
https://orcid.org/0000-0003-0397-3863
https://orcid.org/0000-0003-0397-3863
https://orcid.org/0000-0001-9957-6533
https://orcid.org/0000-0001-9957-6533
https://orcid.org/0000-0002-7114-0794
https://orcid.org/0000-0002-7114-0794
https://doi.org/10.1111/j.1461-0248.2006.00996.x
https://doi.org/10.1111/j.1461-0248.2006.00996.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1541-0420.2005.00440.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/j.1461-0248.2006.00926.x
https://doi.org/10.1038/nature02850
https://doi.org/10.1126/science.293.5539.2413
https://doi.org/10.1126/science.293.5539.2413
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.2307/1942268
https://doi.org/10.1890/07-0971.1
https://doi.org/10.1890/07-0971.1
https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1073/pnas.0704350104
https://doi.org/10.1073/pnas.0704350104
https://doi.org/10.1126/science.1187820
https://doi.org/10.1890/ES10-00117.1
https://doi.org/10.1890/ES10-00117.1
https://doi.org/10.1098/rstb.2011.0063
https://doi.org/10.1016/j.geoderma.2012.08.018
https://doi.org/10.1126/science.230.4728.895
https://doi.org/10.1126/science.230.4728.895
https://doi.org/10.1071/BT02124
https://doi.org/10.1071/BT02124
https://doi.org/10.1038/nature16489
https://doi.org/10.1890/13-1875.1
https://doi.org/10.1890/13-1875.1
https://doi.org/10.1890/0012-9658(2006)87%5B1225:CAIEGS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1225:CAIEGS%5D2.0.CO;2
https://doi.org/10.1111/1365-2745.12360
https://doi.org/10.1007/BF02067551
https://doi.org/10.1007/BF02067551
https://doi.org/10.1890/04-0340
https://doi.org/10.1890/04-0340

YANG ET AL.

Journal of Ecology 2131

plant community assembly. Ecology Letters, 8, 1283-1290. https://
doi.org/10.1111/j.1461-0248.2005.00829.x

Gerhold, P., Cahill, J. F., Winter, M., Bartish, I. V., & Prinzing, A. (2015).
Phylogenetic patterns are not proxies of community assembly mech-
anisms (they are far better). Functional Ecology, 29, 600-614. https://
doi.org/10.1111/1365-2435.12425

Gotelli, N. J., & Graves, G. R. (1996). Null models in ecology. Washington,
D.C.: Smithsonian Institution Press.

Graham,C.H.,&Fine,P.V.A.(2008). Phylogeneticbetadiversity:Linkingeco-
logical and evolutionary processes across space in time. Ecology Letters,
11, 1265-1277. https://doi.org/10.1111/j.1461-0248.2008.01256.x

Gravel, D., Canham, C. D., Beaudet, M., & Messier, C. (2006). Reconciling
niche and neutrality: The continuum hypothesis. Ecology Letters, 9,
399-409. https://doi.org/10.1111/j.1461-0248.2006.00884.x

Guindon, S., & Gascuel, O. (2003). A simple, fast and accurate method
to estimate large phylogenies by maximum-likelihood. Systematic
Biology, 52, 696-704.

Guo, X., Feng, J., Shi, Z., Zhou, X., Yuan, M., Tao, X., ... Zhou, J. (2018).
Climate warming leads to divergent succession of grassland micro-
bial communities. Nature Climate Change, 8, 813-818. https://doi.
org/10.1038/s41558-018-0254-2

Hardy, O. J., Couteron, P.,, Munoz, F., Ramesh, B. R., & Pélissier, R. (2012).
Phylogenetic turnover in tropical tree communities: Impact of envi-
ronmental filtering, biogeography and mesoclimatic niche conser-
vatism. Global Ecology and Biogeography, 21, 1007-1016. https://doi.
org/10.1111/j.1466-8238.2011.00742.x

Hautier, Y., Niklaus, P. A., & Hector, A. (2009). Competition for light
causes plant biodiversity loss after eutrophication. Science, 324,
636-638. https://doi.org/10.1126/science.1169640

He, C. E,, Liu, X., Fangmeier, A., & Zhang, F. (2007). Quantifying the total
airborne nitrogen input into agroecosystems in the North China
Plain. Agriculture, Ecosystems and Environment, 121, 395-400. https
://doi.org/10.1016/j.agee.2006.12.016

Hubbell, S. P. (2001). The unified neutral theory of biodiversity and biogeog-
raphy. Princeton, NJ: Princeton University Press

Huelsenbeck, J. P, & Ronquist, F. (2001). MRBAYES: Bayesian infer-
ence of phylogenetic trees. Bioinformatics, 17, 754-755. https://doi.
org/10.1093/bioinformatics/17.8.754

Isbell, F., Tilman, D., Polasky, S., Binder, S., & Hawthorne, P. (2013). Low
biodiversity state persists two decades after cessation of nutrient
enrichment. Ecology Letters, 16, 454-460. https://doi.org/10.1111/
ele.12066

Jiang, L., Joshi, H., Flakes, S. K., & Jung, Y. (2011). Alternative commu-
nity compositional and dynamical states: The dual consequences of
assembly history. Journal of Animal Ecology, 80, 577-585. https://doi.
org/10.1111/j.1365-2656.2010.01799.x

Kattge, J., Diaz, S., Lavorel, S., Prentice, I. C., Leadley, P., Bonisch,
G., .. Wirth, C. (2011). TRY - A global database of plant
traits. Global Change Biology, 17, 2905-2935. https://doi.
org/10.1111/j.1365-2486.2011.02451.x

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H.,
Ackerly, D. D., ... Webb, C. O. (2010). Picante: R tools for integrating
phylogenies and ecology. Bioinformatics, 26, 1463-1464. https://doi.
org/10.1093/bioinformatics/btql166

Kraft, N. J. B., Comita, L. S., Chase, J. M., Sanders, N. J., Swenson, N.
G., Crist, T. O., ... Myers, J. A. (2011). Disentangling the drivers of
B diversity along latitudinal and elevational gradients. Science, 333,
1755-1758.

Lande, R. (1993). Risks of population extinction from demographic and
environmental stochasticity and random catastrophes. The American
Naturalist, 142, 911-927. https://doi.org/10.1086/285580

Lande, R., Engen, S., & Saether, B.-E. (2003). Stochastic population dynam-
ics in ecology and conservation. Oxford, UK:Oxford University Press.

Larkin, M. A,, Blackshields, G., Brown, N. P., Chenna, R., McGettigan, P.
A., McWilliam, H., ... Higgins, D. G. (2007). Clustal W and Clustal X

version 2.0. Bioinformatics, 23, 2947-2948. https://doi.org/10.1093/
bioinformatics/btm404

Law, R., & Morton, R. D. (1993). Alternative permanent states of
ecological communities. Ecology, 74, 1347-1361. https://doi.
org/10.2307/1940065

Leibold, M. A., & McPeek, M. A. (2006). Coexistence of the niche and
neutral perspectives in community ecology. Ecology, 87, 1399-
1410.  https://doi.org/10.1890/0012-9658(2006)87[1399:COTNA
N]2.0.CO;2

Levine, J. M., Bascompte, J., Adler, P. B., & Allesina, S. (2017). Beyond
pairwise mechanisms of species coexistence in complex communi-
ties. Nature, 546, 56-64. https://doi.org/10.1038/nature22898

Matthies, D., Brduer, |, Maibom, W. & Tscharntke, T. (2004).
Population size and the risk of local extinction: Empirical ev-
idence from rare plants. Oikos, 105, 481-488. https://doi.
org/10.1111/j.0030-1299.2004.12800.x

Myers, J. A, Chase, J. M., Crandall,R. M., & Jiménez, I.(2015). Disturbance
alters beta-diversity but not the relative importance of community
assembly mechanisms. Journal of Ecology, 103, 1291-1299. https://
doi.org/10.1111/1365-2745.12436

Myers, J. A., Chase, J. M., Jiménez, |., Jgrgensen, P. M., Araujo-Murakami,
A., Paniagua-Zambrana, N., & Seidel, R. (2013). Beta-diversity in tem-
perate and tropical forests reflects dissimilar mechanisms of commu-
nity assembly. Ecology Letters, 16, 151-157. https://doi.org/10.1111/
ele.12021

Niu, S., Wu, M., Han, Y., Xia, J., Zhang, Z., Yang, H., & Wan, S. (2010).
Nitrogen effects on net ecosystem carbon exchange in a tem-
perate steppe. Global Change Biology, 16, 144-155. https://doi.
org/10.1111/j.1365-2486.2009.01894.x

Niu, S., Yang, H., Zhang, Z., Wu, M., Lu, Q,, Li, L., ... Wan, S. (2009). Non-
additive effects of water and nitrogen addition on ecosystem carbon
exchange in a temperate steppe. Ecosystems, 12, 915-926. https://
doi.org/10.1007/s10021-009-9265-1

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., ... Wagner, H. (2018). vegan: Community ecology package. R Package
Version, 2.5-2, http://CRAN.R-project.org/package=vegan

Petchey, O. L., & Gaston, K. J. (2002). Functional diversity (FD), species
richness and community composition. Ecology Letters, 5, 402-411.
https://doi.org/10.1046/j.1461-0248.2002.00339.x

Purvis, A., Agapow, P. M., Gittleman, J. L., & Mace, G. M. (2000).
Nonrandom extinction and the loss of evolutionary history. Science,
288, 328-330. https://doi.org/10.1126/science.288.5464.328

Qian, H., & Jin, Y. (2016). An updated megaphylogeny of plants, a tool for
generating plant phylogenies and an analysis of phylogenetic com-
munity structure. Journal of Plant Ecology, 9, 233-239. https://doi.
org/10.1093/jpe/rtv047

R Core Team. (2018). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing, 1, 409. http://www.R-
project.org

Reich, P. B., Walters, M. B., & Ellsworth, D. S. (1997). From tropics to
tundra: Global convergence in plant functioning. Proceedings of the
National Academy of Sciences of the United States of America, 94,
13730-13734. https://doi.org/10.1073/pnas.94.25.13730

Ricklefs, R. E. (2006). Evolutionary diversification and the origin of the
diversity-environment relationship. Ecology, 87, 3-13. https://doi.
org/10.1890/0012-9658(2006)87[3:EDATOQ]2.0.CO;2

Ricklefs, R. E. (2008). Disintegration of the ecological community. The
American Naturalist, 172, 741-750. https://doi.org/10.1086/593002

Saavedra, S., Rohr, R. P., Bascompte, J., Godoy, O., Kraft, N. J. B,, &
Levine, J. M. (2017). A structural approach for understanding multi-
species coexistence. Ecological Monographs, 87,470-486. https://doi.
org/10.1002/ecm.1263

Schroeder, P. J., & Jenkins, D. G. (2018). How robust are popular beta
diversity indices to sampling error. Ecosphere, 9, €02100. https://doi.
org/10.1002/ecs2.2100


https://doi.org/10.1111/j.1461-0248.2005.00829.x
https://doi.org/10.1111/j.1461-0248.2005.00829.x
https://doi.org/10.1111/1365-2435.12425
https://doi.org/10.1111/1365-2435.12425
https://doi.org/10.1111/j.1461-0248.2008.01256.x
https://doi.org/10.1111/j.1461-0248.2006.00884.x
https://doi.org/10.1038/s41558-018-0254-2
https://doi.org/10.1038/s41558-018-0254-2
https://doi.org/10.1111/j.1466-8238.2011.00742.x
https://doi.org/10.1111/j.1466-8238.2011.00742.x
https://doi.org/10.1126/science.1169640
https://doi.org/10.1016/j.agee.2006.12.016
https://doi.org/10.1016/j.agee.2006.12.016
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1093/bioinformatics/17.8.754
https://doi.org/10.1111/ele.12066
https://doi.org/10.1111/ele.12066
https://doi.org/10.1111/j.1365-2656.2010.01799.x
https://doi.org/10.1111/j.1365-2656.2010.01799.x
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1093/bioinformatics/btq166
https://doi.org/10.1086/285580
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.2307/1940065
https://doi.org/10.2307/1940065
https://doi.org/10.1890/0012-9658(2006)87%5B1399:COTNAN%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1399:COTNAN%5D2.0.CO;2
https://doi.org/10.1038/nature22898
https://doi.org/10.1111/j.0030-1299.2004.12800.x
https://doi.org/10.1111/j.0030-1299.2004.12800.x
https://doi.org/10.1111/1365-2745.12436
https://doi.org/10.1111/1365-2745.12436
https://doi.org/10.1111/ele.12021
https://doi.org/10.1111/ele.12021
https://doi.org/10.1111/j.1365-2486.2009.01894.x
https://doi.org/10.1111/j.1365-2486.2009.01894.x
https://doi.org/10.1007/s10021-009-9265-1
https://doi.org/10.1007/s10021-009-9265-1
http://CRAN.R%e2%80%90project.org/package=vegan
https://doi.org/10.1046/j.1461-0248.2002.00339.x
https://doi.org/10.1126/science.288.5464.328
https://doi.org/10.1093/jpe/rtv047
https://doi.org/10.1093/jpe/rtv047
https://doi.org/10.1073/pnas.94.25.13730
https://doi.org/10.1890/0012-9658(2006)87%5B3:EDATOO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B3:EDATOO%5D2.0.CO;2
https://doi.org/10.1086/593002
https://doi.org/10.1002/ecm.1263
https://doi.org/10.1002/ecm.1263
https://doi.org/10.1002/ecs2.2100
https://doi.org/10.1002/ecs2.2100

2132 Journal of Ecology

YANG ET AL.

Stevens, M. H. H., Bunker, D. E., Schnitzer, S. A., & Carson, W. P. (2004).
Establishment limitation reduces species recruitment and species
richness as soil resources rise. Journal of Ecology, 92, 339-347. https
://doi.org/10.1111/j.0022-0477.2004.00866.x

Suding, K. N., Collins, S. L., Gough, L., Clark, C., Cleland, E. E., Gross, K.
L., ... Pennings, S. (2005). Functional- and abundance-based mech-
anisms explain diversity loss due to N fertilization. Proceedings of
the National Academy of Sciences of the United States of America, 102,
4387-4392. https://doi.org/10.1073/pnas.0408648102

Swenson, N. G. (2011). Phylogenetic beta diversity metrics, trait evolu-
tion and inferring the functional beta diversity of communities. PLoS
ONE, 6, €21264. https://doi.org/10.1371/journal.pone.0021264

Vannette, R. L., & Fukami, T. (2017). Dispersal enhances beta diver-
sity in nectar microbes. Ecology Letters, 20, 901-910. https://doi.
org/10.1111/ele.12787

Vitousek, P. M., Mooney, H. A., Lubchenco, J. & Melillo, J. M., (1997).
Human domination of Earth’ s ecosystems. Science, 277, 494-499.
https://doi.org/10.1126/science.277.5325.494

Webb, C. O., Ackerly, D. D., & Kembel, S. W. (2008). Phylocom: Software
for the analysis of phylogenetic community structure and trait evo-
lution. Bioinformatics, 24, 2098-2100. https://doi.org/10.1093/bioin
formatics/btn358

Whittaker, R. H. (1960). Vegetation of the Siskiyou Mountains, Oregon
and California. Ecological Monographs, 30, 279-338. https://doi.
org/10.2307/1943563

Wright, I.J., Reich, P. B., & Westoby, M. (2001). Strategy shifts in leaf phys-
iology, structure and nutrient content between species of high- and
low-rainfall and high- and low-nutrient habitats. Functional Ecology,
15,423-434. https://doi.org/10.1046/j.0269-8463.2001.00542.x

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers,
F., ... Villar, R. (2004). The worldwide leaf economics spectrum.
Nature, 12, 821-827. https://doi.org/10.1038/nature02403

Xia, J., Niu, S., & Wan, S. (2009). Response of ecosystem carbon exchange
to warming and nitrogen addition during two hydrologically contrast-
ing growing seasons in a temperate steppe. Global Change Biology,
15, 1544-1556. https://doi.org/10.1111/j.1365-2486.2008.01807.x

Xia, J., & Wan, S. (2008). Global response patterns of terrestrial plant
species to nitrogen addition. New Phytologist, 179, 428-439. https://
doi.org/10.1111/j.1469-8137.2008.02488.x

Xu, Z., Li, M.-H., Zimmermann, N. E., Li, S.-P., Li, H., Ren, H., ... Jiang,
L. (2018). Plant functional diversity modulates global environmen-
tal change effects on grassland productivity. Journal of Ecology, 106,
1941-1951. https://doi.org/10.1111/1365-2745.12951

Yan, Z.,Kim, N., Han, W., Guo, Y., Han, T., Du, E., & Fang, J. (2015). Effects
of nitrogen and phosphorus supply on growth rate, leaf stoichiome-
try, and nutrient resorption of Arabidopsis thaliana. Plant and Soil,
388, 147-155. https://doi.org/10.1007/s11104-014-2316-1

Yang, H., Jiang, L., Li, L., Li, A., Wu, M., & Wan, S. (2012). Diversity-de-
pendent stability under mowing and nutrient addition: Evidence
from a 7-year grassland experiment. Ecology Letters, 15, 619-626.
https://doi.org/10.1111/j.1461-0248.2012.01778.x

Yang, H., Li, Y., Wu, M., Zhang, Z., Li, L., & Wan, S. (2011). Plant
community responses to nitrogen addition and increased
precipitation: The importance of water availability and spe-
cies traits. Global Change Biology, 17, 2936-2944. https://doi.
org/10.1111/j.1365-2486.2011.02423.x

Yang, X., Li, G, Li, S., Xu, Q., Wang, P., Song, H., ... Jiang, L. (2019). Data
from: Resource addition drives taxonomic divergence and phyloge-
netic convergence of plant communities. Dryad Digital Repository,
https://doi.org/10.5061/dryad.nh1s3k3

Yang, X., Yang, Z., Tan, J,, Li, G., Wan, S., & Jiang, L. (2018). Nitrogen
fertilization, not water addition, alters plant phylogenetic community
structure in a semi-arid steppe. Journal of Ecology, 106, 991-1000.
https://doi.org/10.1111/1365-2745.12893

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A.,
FitzJohn, R. G., ... Beaulieu, J. M. (2014). Three keys to the radia-
tion of angiosperms into freezing environments. Nature, 506, 89-92.
https://doi.org/10.1038/nature12872

Zhang, X., Liu, W., Bai, Y., Zhang, G., & Han, X. (2011). Nitrogen depo-
sition mediates the effects and importance of chance in chang-
ing biodiversity. Molecular Ecology, 20, 429-438. https://doi.
org/10.1111/j.1365-294X.2010.04933.x

Zhang, Y., Xu, W., Wen, Z., Wang, D., Hao, T,, Tang, A., & Liu, X. (2017).
Atmospheric deposition of inorganic nitrogen in a semi-arid grass-
land of Inner Mongolia, China. Journal of Arid Land, 9, 810-822. https
://doi.org/10.1007/s40333-017-0071-x

How to cite this article: Yang X, Li G, Li S, et al. Resource
addition drives taxonomic divergence and phylogenetic
convergence of plant communities. J Ecol. 2019;107:2121-
2132. https://doi.org/10.1111/1365-2745.13253



https://doi.org/10.1111/j.0022-0477.2004.00866.x
https://doi.org/10.1111/j.0022-0477.2004.00866.x
https://doi.org/10.1073/pnas.0408648102
https://doi.org/10.1371/journal.pone.0021264
https://doi.org/10.1111/ele.12787
https://doi.org/10.1111/ele.12787
https://doi.org/10.1126/science.277.5325.494
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.1093/bioinformatics/btn358
https://doi.org/10.2307/1943563
https://doi.org/10.2307/1943563
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1038/nature02403
https://doi.org/10.1111/j.1365-2486.2008.01807.x
https://doi.org/10.1111/j.1469-8137.2008.02488.x
https://doi.org/10.1111/j.1469-8137.2008.02488.x
https://doi.org/10.1111/1365-2745.12951
https://doi.org/10.1007/s11104-014-2316-1
https://doi.org/10.1111/j.1461-0248.2012.01778.x
https://doi.org/10.1111/j.1365-2486.2011.02423.x
https://doi.org/10.1111/j.1365-2486.2011.02423.x
https://doi.org/10.5061/dryad.nh1s3k3
https://doi.org/10.1111/1365-2745.12893
https://doi.org/10.1038/nature12872
https://doi.org/10.1111/j.1365-294X.2010.04933.x
https://doi.org/10.1111/j.1365-294X.2010.04933.x
https://doi.org/10.1007/s40333-017-0071-x
https://doi.org/10.1007/s40333-017-0071-x
https://doi.org/10.1111/1365-2745.13253

