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Abstract

While nitrogen (N) amendment is known to affect the stability of ecological communities, whether
this effect is scale-dependent remains an open question. By conducting a field experiment in a tem-
perate grassland, we found that both plant richness and temporal stability of community biomass
increased with spatial scale, but N enrichment reduced richness and stability at the two scales con-
sidered. Reduced local-scale stability under N enrichment arose from N-induced reduction in pop-
ulation stability, which was partly attributable to the decline in local species richness, as well as
reduction in asynchronous local population dynamics across species. Importantly, N enrichment
did not alter spatial asynchrony among local communities, which provided similar spatial insur-
ance effects at the larger scale, regardless of N enrichment levels. These results suggest that spatial
variability among local communities, in addition to local diversity, may help stabilise ecosystems
at larger spatial scales even in the face of anthropogenic environmental changes.
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INTRODUCTION

Many terrestrial ecosystems are limited by the availability of
reactive nitrogen (LeBauer & Treseder 2008). Accordingly,
adding nitrogen (N) through either fertilisation or atmo-
spheric deposition to these ecosystems tends to increase their
primary productivity (Smith et al. 1999; LeBauer & Treseder
2008; Zhang et al. 2015). As this positive effect of N addition
on plant productivity is desirable in most agriculture settings,
global N fertiliser production and consumption have increased
tremendously during the past century, which, along with other
anthropogenic activities (mainly fossil fuel consumption), has
resulted in the doubling in the magnitude of global nitrogen
cycles during this period (Fowler et al. 2013). However,
increased N deposition to natural plant communities may
carry other, often unwanted, consequences, including the loss
of plant diversity (Stevens et al. 2004; Bobbink et al. 2010;
Payne et al. 2017) and the reduction in community stability
(Yang et al. 2012; Hautier et al. 2014; Zhang et al. 2016a).
Nitrogen enrichment has been recognised as one of the

major threats to global biodiversity (Payne et al. 2017). Field
experiments with N addition (e.g. Clark & Tilman 2008;
Zhang et al. 2014), as well as surveys of natural communities
across atmospheric N deposition gradients (Stevens et al.
2004) and through time (Dupr�e et al. 2010), have

independently found that increased N inputs often result in
local plant diversity loss. This result arose mainly because in
N limited systems acid- and ammonium-loving species with
tall stature and clonal growth tend to benefit from N enrich-
ment (Dickson et al. 2014; Zhang et al. 2014), driving some
of the acid, ammonium and light sensitive species, which are
disadvantaged under N-enriched conditions, to extinction
(Bobbink et al. 2010). While much research on the N enrich-
ment effect on plant diversity has focused on the local scale
diversity (i.e. alpha diversity), several recent investigations
have recognised similar negative effects on plant diversity at
larger spatial scales (i.e. gamma diversity) (Chalcraft et al.
2008; Lan et al. 2015). Given that reactive N from both atmo-
spheric deposition and fertilisation is often added across
broad areas, it is essential to evaluate the generality of these
findings in various systems.
Besides biodiversity loss, increased N input into an ecosys-

tem may also result in reduced temporal stability of its func-
tions (Yang et al. 2012; Hautier et al. 2014; Zhang et al.
2016a). Several mutually non-exclusive mechanisms could con-
tribute to this pattern. For example N enrichment relieves
plants from nitrogen limitation and allows them to more
strongly respond to the fluctuation in other limiting resources
(Grman et al. 2010; Xu et al. 2015), thereby reducing the tem-
poral stability of both populations (Yang et al. 2012; Xu et al.
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2015) and whole communities (Hautier et al. 2014; Zhang
et al. 2016a). Moreover, N-induced loss of community stabil-
ity may also be linked to the often-observed N-induced loss of
plant species richness, which could lead to a decline in popu-
lation stability as well as a decline in the degree of asyn-
chronous dynamics among species (Yang et al. 2012; Hautier
et al. 2015; Zhang et al. 2016a). Alternatively, N enrichment
may also reduce species asynchrony (e.g. via increasing the
relative abundance of species with similar temporal niches)
and population stability (e.g. via the destabilisation of plant–
herbivore interactions; Rosenzweig 1971), without changing
species richness (Grman et al. 2010; Xu et al. 2015). In addi-
tion, when communities are dominated by a small number of
species, reduction in the stability of dominant species in
response to N input could also translate into loss of commu-
nity stability (Xu et al. 2015). While the number of investiga-
tions of N enrichment effects on community stability is
rapidly accumulating, these studies have invariably focused on
stability at the local scale (i.e. alpha stability). It remains
unknown whether community stability at larger spatial scales
(i.e. gamma stability) would exhibit similar responses to N
enrichment as alpha stability.
Investigations of N enrichment effects on gamma stability

are facilitated by adopting a hierarchical perspective on com-
munity stability (Wang & Loreau 2014; Wang et al. 2017),
which allows the partitioning of gamma stability into alpha
stability and beta variability (i.e. spatial asynchrony among
local communities) (Wang & Loreau 2014, 2016). Adopting
this perspective, one can ask how N enrichment influences
gamma stability through its effects on alpha stability and spa-
tial asynchrony. On the one hand, the commonly observed
negative impacts of N enrichment on alpha stability (see the
previous paragraph) may translate into reduced gamma stabil-
ity, especially in systems where alpha stability contributes
dominantly to gamma stability, as reported by recent empiri-
cal studies (Wilcox et al. 2017; Polley & Wilsey 2018). On the
other hand, there is uncertainty on how N enrichment influ-
ences spatial asynchrony among local communities. N enrich-
ment may reduce environmental heterogeneity in N
availability among local communities (Western 2001; Frater-
rigo et al. 2005), and the resulting similar environmental con-
ditions are thus likely to drive similar community dynamics
across localities (Western 2001; Wesche et al. 2012), resulting
in smaller spatial asynchrony. Furthermore, lower environ-
mental heterogeneity among localities may also cause local
communities to be increasingly dominated by species best sui-
ted for the prevailing environmental conditions, resulting in
smaller beta diversity (Passy & Blanchet 2007; Donohue et al.
2009; Wang & Loreau 2016), and in turn, smaller spatial
asynchrony (Fukami et al. 2001; France & Duffy 2006; Wang
& Loreau 2014, 2016). Alternatively, N enrichment could
increase both beta diversity and spatial asynchrony among
local communities, as increased productivity following N
enrichment may promote the importance of stochastic pro-
cesses in structuring ecological communities and increase the
incidence of alternative community states among localities
(Chase 2010). The relative importance of these different mech-
anisms would determine how spatial asynchrony and gamma
stability vary with N enrichment.

To examine the effects of N enrichment on gamma stability
and their associated mechanisms, we conducted a field N
addition experiment in a temperate grassland in northern
China. The temperate grassland has received relatively low
levels (i.e. < 1.0 g N m�2 year�1) of atmospheric N deposition
(Zhao et al. 2017) and, as a result, has not yet experienced a
significant loss of plant species (Bai et al. 2004). This rela-
tively low atmospheric N deposition background is ideally sui-
ted to assess N effects on ecological stability. We show that
although N fertilisation reduced gamma stability, it did not
alter spatial asynchrony among local communities, which pro-
vided spatial insurance (i.e. spatio-temporal effects arising
from asynchronous dynamics of communities linked by dis-
persal; Loreau et al. 2003) for our study communities at the
larger spatial scale.

MATERIAL AND METHODS

Study site

The field experiment was conducted in a temperate steppe
(43°3205100N, 116°4002300E), located in the Xilin River Basin,
Inner Mongolia, China. Mean (1985–2014) annual precipita-
tion was 350.5 mm, with 72.0% falling during the growing
season (i.e. from May to August). Mean annual temperature
was 1.0 °C, ranging from �21.1 °C in January to 19.8 °C in
July. The soil is classified as Calcic-Orthic Aridisol in the U.S.
soil classification system. Four C3 perennial grasses, Stipa
grandis, Leymus chinensis, Achnatherum sibiricum and Agrop-
yon cristatum, accounted for the majority of the peak plant
community aboveground biomass (Zhang et al. 2015). No fer-
tilisers were applied to the study area prior to this experiment.

Experimental design

The experiment, which covers an area of 7-ha, was established
in September 2008 within a 50-ha relatively flat natural grass-
land that had been fenced to exclude large animal grazing
since 1999. A complete randomised block design, with 10
blocks, was used. N, in the form of NH4NO3, was evenly
added to the plots at nine different rates (0, 1, 2, 3, 5, 10, 15,
20 and 50 g N m�2 year�1) and two frequencies (2 times
year�1 vs. monthly). NH4NO3 was dissolved in purified water
(less than 1 mm annually) for even spraying. In addition to
these treatments, we also established a control treatment in
which neither N nor water was added. Hence, there were 19
experimental treatments (9 rates 9 2 frequencies of N addi-
tion + 1 control). Each experimental plot was 8 9 8 m2.
Within each block, all 19 treatments were randomised to
plots, which were separated by 1 m walkways. Each block
was 45 9 70 m2, with 2 m walkways between blocks. The
average spatial distance between plots within a treatment was
c. 140 m. More details about the experimental design can be
found in Zhang et al. (2014). This experiment was initially
designed to assess how the frequency and rate of N addition
affect grassland community structure and ecosystem function-
ing (Zhang et al. 2014, 2015, 2016a,b, 2017), and is used here
to explore how increased N deposition influences ecosystem
stability across spatial scales.
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Plant sampling

Aboveground net primary productivity (ANPP) of plant com-
munities was estimated annually from peak aboveground
plant biomass, which is a reasonable approximation for
ANPP in this region where all aboveground plant tissues die
during the winter season (Zhang et al. 2018). Aboveground
biomass was assessed every year from 2009 to 2013 between
10 and 15 August using a 0.5 9 2 m2 strip, which was ran-
domly placed in each 8 9 8 m2 experimental plot (Zhang
et al. 2015). The aboveground components of all living vascu-
lar plants were cut, sorted to species, oven-dried at 65 °C for
at least 48-h to a constant weight, and weighed. Species rich-
ness was recorded for the same strip as aboveground biomass.

Alpha, gamma and beta diversity

Following recent theoretical work (Wang & Loreau 2014,
2016) and previous empirical studies (e.g. Chalcraft et al.
2008; Wilcox et al. 2017), we defined alpha (a) diversity as the
species richness of a 1-m2 strip (small scale), and gamma (c)
diversity as the total species richness of the 10 1-m2 strips
(large scale) in the same treatment. We calculated beta (b)
diversity through multiplicative (bm) as well as additive (ba)
partitioning of gamma diversity, following Whittaker (1972)
and Lande (1996) respectively. The use of these classic metrics
allowed direct comparison of our results to theoretical predic-
tions (Wang & Loreau 2014, 2016), which were also based on
multiplicative and additive partitions of gamma diversity. In
addition, we also calculated two most frequently used beta
dissimilarity indices: the presence/absence-based Jaccard dis-
similarity index (bJ), and the abundance-based Bray–Curtis
dissimilarity index (bBC). The consideration of these dissimi-
larity metrics allowed us to compare our results to previous
work on scale-dependent diversity responses to N enrichment
(e.g. Chalcraft et al. 2008), which generally calculated beta
diversity as dissimilarity metrics.

Population, alpha and gamma stability

Following previous work (e.g. Tilman 1999), we calculated
population temporal stability of each species as Spopulation ¼ li

ri
,

where li and ri are the interannual mean and standard devia-
tion of ANPP of species i in a 1-m2 strip over the 5 years
(2009–2013) respectively. Population stability was then aver-
aged across all species within each strip. Likewise, we calcu-
lated community temporal stability as Scommunity ¼ lT

rT
, where

lT and rT are the interannual mean and standard deviation
of community ANPP over the 5 years respectively. Alpha
(local-scale) stability was defined as the temporal stability of
community ANPP of a 1-m2 strip, and gamma stability
defined as the temporal stability of total ANPP of the 10 1-m2

strips in the same treatment. Following Wang & Loreau
(2014) and Wilcox et al. (2017), we also calculated biomass-
weighted population and alpha stability. Biomass-weighted
and unweighted measures of stability exhibited similar trends
along the N addition gradient (Fig. S1), and there were strong
correlations between biomass-weighted and unweighted popu-
lation stability measures (F1,17 = 92.7, P < 0.0001; R2 = 0.85)

and between biomass-weighted and unweighted alpha stability
measures (F1,17 = 23047.9, P < 0.0001; R2 = 0.99). As the
majority of stability studies have only considered unweighted
stability measures, we focus on these measures here for easier
comparison.

Species asynchrony within local communities

For each 1-m2 strip, the degree of asynchrony in the popula-
tion dynamics of constituent species of its local community

was quantified as 1� r2
T=ð

PN
i¼1 riÞ2, where r2

T is the temporal

variance of community ANPP, and ri is the standard devia-
tion of ANPP of species i in the N-species community (Loreau
& de Mazancourt 2008). Species asynchrony values range
from 0 (perfect synchrony) to 1 (perfect asynchrony).

Spatial asynchrony among local communities

Spatial asynchrony of communities among the 10 1-m2 strips

in the same treatment was calculated as 1�
P

i;j
wij

ð
P

i

ffiffiffiffi
wii

p Þ2 (Wang &

Loreau 2014; Wilcox et al. 2017), where wij is the temporal
covariance of ANPP between local communities i and j, and
wii is the temporal variance of ANPP of local community i.
Spatial asynchrony of populations was calculated in the same
way, using temporal variance of populations within strips and
covariance of populations between strips. Spatial asynchrony
values range from 0 (perfect spatial synchrony) to 1 (perfect
spatial asynchrony).

Statistical analysis

Population, alpha and gamma stability values were logarithm
transformed to meet the normality requirement for data anal-
yses. For the smaller-scale (1-m2) analyses, we averaged alpha
diversity and stability values across the 10 replicate local com-
munities, and averaged beta dissimilarity values across all
local community pairs, at each N addition rate and frequency
combination. Averaging allowed the calculation of bm and ba
as well as facilitated comparison with previous theoretical
(Wang & Loreau 2016) and empirical (Wilcox et al. 2017)
studies. Two-way analysis of covariance (ANCOVA) was used to
assess the effects of N addition rate and spatial scale on plant
diversity (alpha and gamma diversity) and community stabil-
ity (alpha and gamma stability) with N addition rate as the
continuous variable, and spatial scale as the categorical vari-
able. Linear and (where appropriate) quadratic regressions
were used to study the relationships between diversity and sta-
bility variables and N addition rate. We also performed non-
metric multidimensional scaling (NMDS), based on bBC, to
visualise how plant community structure changed in response
to N amendment.
Structural equation modelling (SEM), which allows the

assessment of hypothesised causal relationships between vari-
ables (Grace et al. 2015), was used to identify significant path-
ways through which N enrichment influences gamma stability.
We first constructed an initial structural equation model con-
sidering all plausible pathways (see Fig. S2). Data were fitted
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to the model using the maximum likelihood estimation
method. Adequacy of the model was determined using a v2

test, root mean square errors of approximation (RMSEA)
and the Akaike Information Criteria (AIC). Adequate model
fits are indicated by a non-significant v2 test (P > 0.05), low
RMSEA (< 0.08; Browne & Cudeck 1992) and lower AIC.
We obtained the final SEM, which yielded a non-significant
v2 test and the lowest AIC, by simplifying the initial SEM via
eliminating non-significant pathways.
NMDS was performed using the ‘vegan’ package (Oksanen

et al. 2018) in R 3.5.1 (R Core Team 2018). AMOS 22.0
(Amos Development Co., Greene, Maine, USA) was used for
the SEM analysis. All other statistical analyses were per-
formed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA).

RESULTS

As expected, ANCOVA revealed that gamma diversity was sig-
nificantly greater than alpha diversity (Fig. 1a; F1,35 = 899.1,
P < 0.0001). N addition significantly reduced both alpha
(Fig. 1a; F1,17 = 29.7, P < 0.0001; slope = �1.20 � 0.22) and
gamma diversity (Fig. 1a; F1,17 = 74.3, P < 0.0001; slope =
�2.86 � 0.33). The negative effect of N addition, however,
was stronger for gamma diversity, as indicated by a significant
N 9 spatial scale interaction term in the ANCOVA (F1,34 = 17.6,
P = 0.0002). N addition significantly reduced ba (Fig. 2a;
F1,17 = 37.0, P < 0.0001), but did not alter bm (Fig. 2b;
F1,17 = 0.9, P = 0.3624). N addition also did not alter beta
dissimilarity, calculated as either bJ or bBC (Fig. S3;
P > 0.3650). Correspondingly, NMDS did not detect appre-
ciable change in plant community structure across the N gra-
dient (Fig. S4).

ANCOVA also revealed that gamma stability was significantly
greater than alpha stability (Fig. 1b; F1,35 = 12.6, P = 0.0011).
N addition significantly reduced both alpha (Fig. 1b; F1,17 =
96.4, P < 0.0001; slope = �0.16 � 0.02) and gamma stability
(Fig. 1b; F1,17 = 78.4, P < 0.0001; slope = �0.17 � 0.02). This
negative N addition effect did not differ between alpha and
gamma stability (F1,34 = 0.1, P = 0.7639). N addition, how-
ever, did not alter spatial asynchrony among local communi-
ties (Fig. 2c; linear regression: R2 = 0.1024, P = 0.1817;
quadratic regression: R2 = 0.2371; P = 0.1140).
N addition significantly reduced population stability

(Fig. 3a; F1,17 = 38.2, P < 0.0001) and species asynchrony
within the 1-m2 local communities (Fig. 3b; F1,17 = 7.6,
P = 0.0134). N addition also decreased spatial asynchrony
among local communities of seven species, including six
perennial species (L. chinensis, Cleistogenes squarrosa, Koeleria
cristata, Poa subfastigiate, Festuca dahurica and Allium biden-
tatum), and one annual species (Artemisia scoparia), but did
not alter spatial asynchrony of other species (Table S1).
When beta diversity was measured as ba, the SEM showed

that N enrichment had a negative effect on gamma diversity
via reduced alpha diversity and reduced beta diversity
(Fig. 4a). When beta diversity was measured as bm or dissimi-
larity metrics (bJ and bBC), however, the SEMs found that N
enrichment reduced gamma diversity mainly through reducing
alpha diversity, without altering beta diversity (Fig. 4b–d).
Nevertheless, in all SEMs N enrichment had a negative effect

on gamma stability through reduced alpha stability, without
altering spatial asynchrony among local communities. In all
SEMs both reduced population stability and species

Figure 1 Nitrogen enrichment reduced species diversity and community

stability at both local and large scales. (a) Both alpha (i.e. species richness

in the 1-m2 local community) and gamma diversity (i.e. species richness in

the 10 1-m2 communities of the same experimental treatment) declined

with increasing N addition rate. (b) Both alpha (i.e. community stability

at the 1-m2 scale) and gamma stability (i.e. community stability at the 10-

m2 aggregated large scale) declined with increasing N addition rate. For

alpha diversity/stability, the value of each of the two points at each N

addition level is the average of the 10 local communities at each N

addition frequency; for gamma diversity/stability, the value of each of the

two points at each N addition level is for the 10-m2 aggregated

community at each N addition frequency. The open star symbol indicates

data from the control (neither N nor water was added). Black and grey

symbols are data from the 1-m2 and the 10-m2 scales respectively; solid

lines are corresponding regression lines.
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asynchrony within local communities contributed to the
decline in alpha stability under N enrichment. However, none
of the beta diversity metrics was significantly associated with
spatial asynchrony.

DISCUSSION

To our knowledge, our study is the first to examine the scale
dependence of ecosystem stability responses to N enrichment.
By examining diversity and stability patterns at two different
spatial scales, we found that N enrichment lowered alpha
diversity, which contributed to lower alpha stability, and in
turn, lower gamma stability. However, we also found that
spatial asynchrony among local communities was unaffected
by nitrogen enrichment. Importantly, the lack of response of
spatial asynchrony means that nitrogen enrichment did not
alter the stabilising role of spatial asynchrony (i.e. spatial
insurance effects; Loreau et al. 2003; Wang & Loreau 2014,
2016) for the studied ecosystems at the larger spatial scale.
Our study thus provides rare empirical evidence that spatial
asynchrony among localities may help stabilise ecosystem
dynamics at larger spatial scales, even in the face of anthro-
pogenic environmental changes.
In line with previous studies (Chalcraft et al. 2008; Lan

et al. 2015), N enrichment significantly reduced both alpha
and gamma diversity in our experiment. However, the scale
dependence of diversity responses in our experiment differs
from that reported by other studies. For example Lan et al.
(2015) reported that N-induced plant diversity loss was allevi-
ated in larger plots in a Chinese temperate grassland. Our
study, however, found that gamma diversity suffered greater
loss from N enrichment than alpha diversity (Fig. 1a). This
pattern arose as N enrichment caused beta diversity (specifi-
cally ba) to decline in our experiment (see next paragraph).
Presumably, the opposite—that beta diversity increased with
N enrichment—occurred in the experiment of Lan et al.
(2015). Elucidating the mechanisms driving beta diversity
responses to N enrichment therefore holds the key to

understanding the variation in the scale dependence of
N-induced diversity change.
We found that N addition reduced ba, but did not change

bm or beta dissimilarity (i.e. bJ and bBC). This result supports
the idea that different beta diversity metrics emphasises differ-
ent aspects of structural differences among communities and,
therefore, their trends may not necessarily agree with each
other (Anderson et al. 2011). In particular, additive beta
diversity (ba) accounts for information on joint absences of
species (i.e. the extinction of the same species in the communi-
ties being compared), whereas multiplicative beta diversity
(bm) and beta dissimilarity (bJ and bBC) do not consider joint
absences (Anderson et al. 2011). Therefore, the fact that addi-
tive beta diversity (ba), but not the other beta diversity mea-
sures, declined with N enrichment suggests that the observed
ba responses to N enrichment were largely driven by joint
absences of species that became increasingly frequent with
more N addition. The lack of beta dissimilarity response to N
addition, however, contrasts with those of previous studies
reporting that N enrichment could either increase (Chalcraft
et al. 2008; Houseman et al. 2008; Chase 2010) or decrease
(Inouye & Tilman 1995; Chalcraft et al. 2008; Donohue et al.
2009; Conradi et al. 2017) beta dissimilarity. Whereas the pos-
itive effect of N enrichment on beta dissimilarity has been fre-
quently attributed to greater stochasticity in community
assembly leading to alternative community states in more pro-
ductive environments (Steiner & Leibold 2004; Chase 2010),
the negative effect of N enrichment on beta dissimilarity has
often been explained by reduced abiotic heterogeneity among
localities selecting for more similar local communities (Chal-
craft et al. 2008; Donohue et al. 2009). Note, however, that
these mechanisms have not been investigated directly and
their linkage to the observed beta dissimilarity responses to N
enrichment remains largely conjectural. Our study was also
unable to uncover the exact mechanisms underlying the
observed lack of N enrichment effect on beta dissimilarity.
Nevertheless, our finding could presumably be caused by the
lack of treatment effect on both stochastic assembly and soil

Figure 2 Effects of N enrichment on beta diversity and variability. (a) N addition significantly reduced additive beta diversity (ba), but not (b) multiplicative

beta diversity (bm) or (c) beta variability (i.e. spatial asynchrony among local communities). The value of each of the two points at each N addition level is

the average of beta diversity at each N addition frequency. The open star symbol indicates data from the control.

© 2019 John Wiley & Sons Ltd/CNRS

Letter Nitrogen addition and c stability 567



heterogeneity, or by increased stochasticity counteracting the
effect of reduced soil heterogeneity under higher N input.
Future research should strive to understand mechanisms asso-
ciated with nutrient fertilisation effect on beta dissimilarity,
which would significantly improve our understanding of scale-
dependent diversity changes.
We found that N enrichment had a similar negative effect on

alpha and gamma stability. The N-induced loss in alpha stability
is not surprising and accords with findings of many previous
studies that examined local-scale stability responses to N input
(e.g. Grman et al. 2010; Yang et al. 2012; Hautier et al. 2014;
Xu et al. 2015; Zhang et al. 2016a). The SEMs identified

important pathways through which N enrichment reduced alpha
stability (Fig. 4), including the N-induced loss in species asyn-
chrony (Xu et al. 2015; Zhang et al. 2016a), and the loss of pop-
ulation stability due, partly, to reduced alpha diversity
(Romanuk et al. 2006; Yang et al. 2012). Moreover, consistent
with previous studies reporting that alpha stability largely con-
tributed to gamma stability in naturally (Wilcox et al. 2017) and
experimentally (Polley & Wilsey 2018) assembled herbaceous
communities, we also found that alpha stability more strongly
influenced gamma stability than beta variability (Fig. 4). These
results suggest that preserving local diversity, which is often posi-
tively associated with alpha stability (Jiang & Pu 2009), may
carry the additional benefit of safeguarding regional communities
against large fluctuations (Loreau et al. 2003).
Consistent with theory (Wang & Loreau 2014, 2016), we

found that gamma stability was significantly greater than alpha
stability at each level of N addition, reflecting the presence of
spatial asynchronous dynamics among local communities (i.e.
beta variability). Spatial asynchrony, in principle, can arise
from different local community dynamics due to the presence of
different species (which exhibit different population dynamics)
and different environmental conditions (which may cause even
the same species to exhibit different population dynamics)
among localities (Wang & Loreau 2014, 2016), as well as demo-
graphical stochasticity. Substantial small-scale (at the metre
scale) heterogeneity for both soil nutrients and plant communi-
ties is known to exist at our study site (Zhou et al. 2008), which
likely contributed to the observed spatial asynchrony. More-
over and probably more importantly, we found that spatial
asynchrony among local communities was unaffected by N
enrichment. Beta diversity is often assumed to be an important
driver of spatial asynchrony, such that increasing dissimilarity
in the structure of local communities is predicted to result in
greater differences in their dynamics (Wang & Loreau 2014,
2016). However, we found that spatial asynchrony among local-
ities was unrelated to beta diversity and dissimilarity (Fig. 4),
which is at odds with this prediction. Likewise, Wilcox et al.
(2017) also found non-significant associations between the two
in a global-scale analysis of 62 herbaceous communities. In our
study, both the lack of the response of spatial asynchrony
among local communities to N amendment and its weak rela-
tionship with beta diversity and dissimilarity may be driven by
strong community-level responses to temporal variation in pre-
cipitation and population-level demographic stochasticity.
Plant communities in our study area are known to be primarily
limited by water availability, with growing season precipitation
largely determining community biomass production in the
region (Bai et al. 2004). It is likely that N addition, or variation
in species composition and abundance among local communi-
ties (see the paragraph on beta diversity), did little to alter the
general trend of local community biomass responses to tempo-
ral variation in precipitation (Zhang et al. 2018). This is proba-
bly related to the fact that the same species that dominated in
the control (i.e. perennial grasses including S. grandis, L. chi-
nensis, A. sibiricum and A. cristatum), characterised by tall sta-
ture and clonal growth, remained dominant under N addition
(Table S1; see also Zhang et al. 2015), resulting in little change
in overall plant community structure across the N gradient
(Fig. S4). At the population level, strong demographic

Figure 3 Effects of N enrichment on population stability and species

asynchrony at the local (1-m2) scale. (a) Population stability within the

1-m2 local community declined with N addition rate. (b) Species

asynchrony within the 1-m2 local community declined with N addition

rate. The value of each of the two points at each N addition level is the

average of the 10 local communities at each N addition frequency. The

open star symbol indicates data from the control.
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stochasticity, known to influence ecosystem stability (Loreau &
de Mazancourt 2013; de Mazancourt et al. 2013), may also
diminish the responses of community biomass production to N
amendment and variation in community structure. This latter
hypothesis is supported by the fact that populations of many
plant species (i.e. 86% of the species found in our experimental
plots) in our experiment fluctuated asynchronously among local
communities, and that for most species, the degree of their pop-
ulation asynchrony across localities was insensitive to N
amendment (Table S1). Regardless of the mechanisms, the lack
of response of beta variability to N enrichment suggests that
spatial insurance effects (Loreau et al. 2003) were robust to sub-
stantial changes in soil N availability and played a consistent
role in stabilising the studied ecosystem at the larger spatial
scale.
Two caveats of our study merit discussion here. First, our

study was conducted in a relatively small area (c. 7-ha) at a sin-
gle site, inviting the question of whether our findings can be
generalised to larger spatial scales. For our study, it is worth
noting that we operationally defined gamma diversity as all the
species that were present in our experimental plots within a
given N treatment. This definition follows Tuomisto’s (2010)

suggestion that gamma diversity can be measured at various
spatial scales, a practice that has been adopted by many previ-
ous studies (e.g. Chalcraft et al. 2008; Wilcox et al. 2017). As
alpha and gamma diversity differed between N treatments in
our experiment, we were able to use our experiment to examine
how N addition influences stability across spatial scales. Previ-
ous work has shown that the maximum range of spatial auto-
correlation of both plant life forms and soil nutrients is ca. 2 m
in our study area (Zhou et al. 2008). Therefore, our experimen-
tal area, although relatively small (7-ha), cannot be considered
homogeneous. Thus, it is likely that our findings could be gener-
alised to other spatial scales, at least for our study grassland.
Consistent with this idea, when we repeated our analyses at the
5-m2 scale, we found essentially the same results as for the 10-
m2 scale (Fig. S5). Nevertheless, we acknowledge that the
robustness of our results needs to be assessed by directly study-
ing metacommunities across large spatial scales. Second, our
experiment used a randomised block design, such that local
communities belonging to the same treatments do not cluster
together, which leads to the question whether spatial configura-
tions of the plots would influence their diversity. All our experi-
mental plots can be, in fact, considered being linked by

Figure 4 The results of the final structural equation modelling (SEM) showing the pathways through which nitrogen enrichment influences gamma stability.

The final SEM, (a) based on the additive beta diversity (ba) (v
2 = 13.534, P = 0.759; root mean square error of approximation (RMSEA) = 0.000; the Akaike

Information Criteria (AIC) = 49.534), (b) based on the multiplicative beta diversity (bm) (v
2 = 14.526, P = 0.694; RMSEA = 0.000; AIC = 50.526), (c) based

on the presence/absence-based index (Jaccard dissimilarity, bJ) (v
2 = 13.998, P = 0.784; RMSEA = 0.000; AIC = 47.998) and (d) based on the abundance-

based beta dissimilarity (Bray-Curtis dissimilarity index, bBC) (v
2 = 15.889, P = 0.665; RMSEA = 0.000; AIC = 49.889). Note that RMSEA = 0.000 indicates a

perfectly specified model constrained by the fact that alpha stability and spatial asynchrony completely determine gamma stability. Black and red arrows

indicate significant (i.e. P < 0.05) positive and negative pathways respectively. Numbers adjacent to the arrows are standardised path coefficients, and the

width of the arrows indicates the strength of the relationship. Percentages next to endogenous variables indicate the variance explained by the model (R2).
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dispersal, given the relative small experimental area. However,
although all species can potentially colonise our experimental
plots, not all species can successfully establish in these plots,
especially at higher N levels, where the rate of loss of resident
species is higher and the rate of successful colonisation of non-
resident species is lower (Zhang et al. 2016b). Indeed, when
considering all experimental plots together, we found that their
species composition was significantly influenced by N treatment
differences (Mantel test: r = 0.04, P = 0.0004), but not by their
spatial differences (Mantel test: r = 0.01, P = 0.1854), indicat-
ing the small role of among-plot dispersal in shaping the local
communities. An alternative approach to studying N influences
on stability across scales would be to survey communities along
a natural atmospheric N deposition and/or soil N gradient,
which would allow plots with similar N levels to cluster together
as components of a natural metacommunity. However, the find-
ings of these studies, which are observational, would be inevita-
bly subject to alternative interpretations.
By exploring the scale dependence of diversity and stability

responses to N enrichment in a temperate grassland, we found
that N-induced local diversity loss contributed to the loss of
alpha stability, and in turn, the loss of gamma stability, whereas
spatial asynchrony among local communities was robust to
increased N input, providing consistent spatial insurance effects
irrespective of the levels of N enrichment. These results suggest
effective means to preserve ecosystem stability across spatial
scales. First, protecting local biodiversity may help maintain
community stability at both local and large spatial scales, pro-
viding the additional rationale for protecting biodiversity within
small habitats. Second, preserving asynchrony among local
communities (e.g. through protecting different habitats/com-
munities across space) in the face of anthropogenic environ-
mental changes helps maintain community stability at larger
spatial scales. We hope that our study will stimulate the analy-
ses of the existing data from a considerable number of multi-
year experiments simulating anthropogenic environmental
changes, in an effort to evaluate the generality of our results.
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