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Eutrophication is a major driver of species loss in plant communities worldwide. How-
ever, the underlying mechanisms of this phenomenon are controversial. Previous stud-
ies have raised three main explanations: 1) High levels of soil resources increase
standing biomass, thereby intensifying competitive interactions (the “biomass-driven
competition hypothesis”). 2) High levels of soil resources reduce the potential for
resource-based niche partitioning (the “niche dimension hypothesis”). 3) Increasing soil
nitrogen causes stress by changing the abiotic or biotic conditions (the “nitrogen detri-
ment hypothesis”). Despite several syntheses of resource addition experiments, so far,
no study has tested all of the hypotheses together. This is a major shortcoming, since
the mechanisms underlying the three hypotheses are not independent. Here, we con-
duct a simultaneous test of the three hypotheses by integrating data from 630 resource
addition experiments located in 99 sites worldwide. Our results provide strong support
for the nitrogen detriment hypothesis, weaker support for the biomass-driven competi-
tion hypothesis, and negligible support for the niche dimension hypothesis. The results
further show that the indirect effect of nitrogen through its effect on biomass is minor
compared to its direct effect and is much larger than that of all other resources (phos-
phorus, potassium, and water). Thus, we conclude that nitrogen-specific mechanisms
are more important than biomass or niche dimensionality as drivers of species loss
under high levels of soil resources. This conclusion is highly relevant for future attempts
to reduce biodiversity loss caused by global eutrophication.
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A decline in species richness with increasing resource availability is a universal pattern
in plant communities (1–3). This pattern is particularly common in herbaceous plant
communities and has been documented in hundreds of experiments worldwide (3–10).
The recognition that anthropogenic eutrophication is a major threat to global diversity
(11, 12) has accelerated research of the extent and implications of this phenomenon
(13, 14). Nevertheless, the mechanisms by which high levels of resources cause a
decline in species richness are not fully understood (15–21).
Early attempts to explain the decrease of richness under high levels of soil resources

have attributed this pattern to an increase in biomass, leading to intensified interspe-
cific competition (22, 23). According to this hypothesis (hereafter, the “biomass-driven
competition hypothesis”), high levels of soil resources provide a competitive advantage
for fast-growing and large species, excluding smaller and slow-growing species from the
community (22–25). It has also been proposed (23) and demonstrated (26) that such
competitive exclusion is primarily related to competition for light. Recent work attrib-
utes the pattern to the asymmetric nature of this competition [i.e., tall plants shade
shorter ones but not the opposite (27)]. However, other works suggest that root com-
petition may also contribute to species loss under high resource levels (15).
Another hypothesis that has gained support in the last decade has its roots in niche

theory (28, 29). This hypothesis, known as the “niche dimension hypothesis” (30), is
based on the idea that species coexistence requires niche partitioning via differences in
resource requirements (29). According to this hypothesis, limiting resources function as
“niche axes.” Thus, high levels of soil resources reduce the number of limiting resour-
ces, thereby reducing the number of species that can coexist in the community (30).
The strongest support for this hypothesis comes from a global-scale experiment (8)
where the same experimental protocol was applied in all sites. This initiative is the
most extensive experimental effort ever undertaken to evaluate diversity responses to
resource addition (45 sites from five continents) and is unique in its factorial design:
All communities in all sites received all possible combinations of nitrogen, phosphorus,
and potassium (i.e., N, P, K, NP, NK, PK, and NPK). This factorial design allowed
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the authors to test the effect of the number of added resources
on species richness. Consistent with their expectations, species
loss in fertilized plots was strongly and positively related to the
number of added resources. Similar results were found in other
studies (30–32) and were interpreted as support for the niche
dimension hypothesis (although see ref. 20).
A third hypothesis suggests that the decline in species rich-

ness under high levels of soil resources is specifically related to
nitrogen (hereafter, N). High levels of N may reduce plant per-
formance by several mechanisms, including ammonium toxicity
(33), acidification (34), changes in soil microbiome (35), and
increased susceptibility to various stress agents (13, 14). This
“nitrogen detriment hypothesis” is supported by studies show-
ing that N addition has a stronger negative effect on species
richness than other soil resources (refs. 4, 9, and 36, although
see ref. 18).
In the last few decades, numerous studies, including a large

number of meta-analyses, have investigated the drivers of spe-
cies loss under high levels of resource availability (2, 3, 6–10,
37). However, each of these studies has focused on particular
resources or mechanisms, and no study has attempted to test
the three hypotheses simultaneously. This is a significant short-
coming because the mechanisms underlying the three hypothe-
ses are not independent. Such a lack of independence increases
the likelihood of confounding effects and may result in biased
conclusions concerning the effects of the underlying
mechanisms.
Here, we test the three hypotheses together using an exten-

sive dataset collected from 630 different resource addition
experiments in 99 different sites worldwide (Fig. 1 and SI
Appendix, Table S1). Our analysis was designed to explicitly
test distinct predictions derived from the above hypotheses.
The first, derived from the biomass-driven competition hypoth-
esis, is a negative effect of biomass on species richness. The sec-
ond, derived from the niche dimension hypothesis, is a negative
effect of the number of added resources on species richness.
The third, derived from the nitrogen detriment hypothesis, is a
negative effect of the presence of N on species richness (with all
other resources having much weaker effects).
As emphasized above, the three hypotheses are not mutually

exclusive, and more than a single mechanism might be involved
in causing richness decline in response to resource addition.
Thus, rather than considering the three hypotheses as alterna-
tives, we aimed to evaluate the degree to which each hypothesis
receives support from previously published experiments. To
this end, we analyzed the data in two steps. First, we tested
each hypothesis separately in order to verify that the patterns
obtained from our dataset are consistent with those obtained in
previous studies when testing each hypothesis by itself. Then,
in a second step, we tested the three hypotheses simultaneously
using two complementary approaches: multiple regression mod-
els and structural equation models. These approaches allowed
us to quantitatively compare the effects of the three previously
proposed drivers of species loss (biomass, number of resources,
and presence of N) based on their predictive power and effect
size and compare their direct vs. indirect effects on species
richness.

Results

The first prediction, a decrease of species richness at high bio-
mass levels, was supported by the data. However, a quadratic
model provided a better fit to the data, indicating that the
effect of biomass on richness was unimodal rather than negative

(Fig. 2A and SI Appendix, Fig. S1 and Table S2). The quadratic
model showed a corrected Akaike Information Criterion value
that was lower by 33 units than that of the linear model
(evidence ratio of 17 � 106). We, therefore, incorporated the
quadratic term of biomass in all further models that included
biomass as a predictor variable.

The second prediction, a negative effect of the number of
added resources on species richness, was supported by the data
(Fig. 2B). The effect was highly significant when tested using a
linear mixed-effects model with the number of added resources
as a linear predictor (as done in previous studies) (blue line in
Fig. 2B; SI Appendix, Table S3). A corresponding model relax-
ing the assumption of linearity, in which the number of added
resources was incorporated using dummy variables, indicated
that the effects of one resource, two resources, and three resour-
ces were highly significant (red error bars in Fig. 2B; SI
Appendix, Table S4). Moreover, the mean values of richness
corresponding to the addition of zero, one, two, and three
resources fell almost precisely on the linear regression line (Fig.
2B), confirming the linear response. Treatments including all
four resources were removed from the latter analysis due to
inadequate sample size (n ¼ 3).

The third prediction, a negative effect of the presence of N
on species richness, was also supported by the data (Fig. 2C
and SI Appendix, Table S3). Moreover, this N-specific model
showed a much better fit to the data (in terms of the model's
corrected Akaike information criterion [AICc] value) than the
other two models (evidence ratio of 7 � 1012 compared to the
biomass model and 3 � 109 compared to the number of added
resources model; SI Appendix, Table S3). The results further
demonstrate that treatments including N (N ¼ 1 in Fig. 2C)
had lower richness than both control treatments and treatments
without N (Fig. 2C). Similar results were obtained for a larger
dataset, including an additional 374 records for which biomass
data were unavailable (SI Appendix, Fig. S2).

Thus, all hypotheses were supported by our global dataset.
To evaluate the relative importance of the drivers of species loss
proposed by the three hypotheses, we incorporated the effects
of the three factors in a single, mixed-effects model, with bio-
mass (including its quadratic term), number of added resources,
and N as fixed effects. The results of this integrated model indi-
cated that biomass and N had statistically significant negative
effects on richness, while the number of resources had a negligi-
ble and statistically insignificant effect (Table 1). Moreover,
removing the number of added resources as a predictor from
the model improved its AICc score by about seven units (evi-
dence ratio of 39; Table 1). Conversely, omitting either bio-
mass or N from the model resulted in a lower predictive power
(Table 1). Thus, based on information theoretic criteria, the
model providing the best fit to the data was one combining
the effects of biomass (including its quadratic term) and N
(Table 1).

One limitation of the integrated mixed-effects model is that
it does not explicitly account for indirect relationships between
model variables. Specifically, both N and the number of added
resources are expected to influence richness indirectly through
their effects on biomass. A common approach for modeling the
combined direct and indirect effects in a single framework is
structural equation modeling (SEM) (38). However, this
approach is usually limited to linear relationships (38). We,
therefore, incorporated a composite variable into the model.
This composite variable describes the overall effect of biomass
on species richness as the sum of its linear and quadratic
terms (39) (Fig. 3). In essence, this approach reduces the

2 of 11 https://doi.org/10.1073/pnas.2112010119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental


dimensionality of the biomass effect on richness from two
dimensions (the linear and quadratic components) into a single
variable that captures the combined effects of the original two
dimensions on species richness. This synthetic (“composite”)
variable is then incorporated within the SEM framework as a
linear term, thereby allowing us to quantify the effects of bio-
mass, number of added resources, and N on species richness
while accounting for the direct and indirect effects of N and
the number of added resources through their effects on biomass
[by multiplying the relevant coefficients (38)]. It should be
noted, however, that the composite variable is not interchange-
able with biomass in this model (e.g., the standardized coeffi-
cient for the effect of the composite variable on species richness
is not equivalent to the effect of biomass on richness).
The results (Fig. 3 and SI Appendix, Table S5) revealed two

important patterns. First, the direct effect of N on species rich-
ness was much larger than the direct effect of the number of
added resources. The latter effect was also insignificant, as in
the integrated mixed-effects model. Second, the direct effect of
N on species richness was much larger than its indirect effect
through the composite variable representing biomass (�0.1197
vs. �0.0150, respectively). Thus, N had both direct and indi-
rect effects on richness, with the direct effect being much larger
than the indirect one. This conclusion was also supported by
an alternative SEM formulation in which the effect of biomass
was introduced to the model in terms of its effect size (the log-
response ratio; SI Appendix, Fig. S3). However, while this SEM
formulation has the advantage that it does not require a

composite variable, it ignores the unimodal nature of the
biomass–richness relationship and should therefore be inter-
preted with caution.

A final analysis was performed to test the effects of all combi-
nations of resources for which we had data (N, P, K, water,
NP, NK, PK, NPK, and NPK with water) on both standing
biomass and species richness. The results of the biomass model
indicated that only two treatments had statistically significant
effects on biomass: N and P (Fig. 4A and SI Appendix,
Table S6). Thus, both N and P had the potential to reduce
richness through their indirect effects on biomass (as predicted
by the biomass-driven competition hypothesis). However, a
corresponding model with species richness as the response vari-
able showed that only N had a statistically significant effect
(blue bars in Fig. 4B; SI Appendix, Table S7). Thus, although P
enrichment increases biomass according to our dataset, this
increase is not translated into a decrease in richness. Finally, we
found that adding biomass as a predictor to the all-resources
model (red bars in Fig. 4B; SI Appendix, Table S7) had a negli-
gible effect on the results. This result provides further support
that the indirect effect of N on species richness through its
effect on biomass was negligible relative to its direct effect.

Overall, our results can be summarized into three major
findings: 1) Among the three previously proposed explanations
for the negative effect of resource addition on species richness,
the nitrogen detriment hypothesis receives the strongest support
from published experiments. 2) Although both N and P (and
the number of added resources) increase biomass, N is the

Fig. 1. General characteristics of the data included in our meta-analysis. (A) Geographical distribution of the sites included in the meta-analysis [red, sites
of the nutrient network included in Harpole et al.’s study (8); green, other sites]. (B) The experimental treatments included in the meta-analysis and their
prevalence in the dataset.
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primary driver of species loss in this global-scale dataset. 3) The
direct effect of N on richness is much larger than its indirect
effect through biomass.

Discussion

We performed a global meta-analysis to test three major
hypotheses regarding the decrease of species richness under
high levels of soil resources: The biomass-driven competition
hypothesis, the niche dimension hypothesis, and the nitrogen
detriment hypothesis. The nitrogen detriment hypothesis
gained the strongest support, the biomass-driven competition
hypothesis gained intermediate support, and the niche dimen-
sion hypothesis has gained meager support in our analyses.
Although these results do not refute the role of the biomass-
driven competition hypothesis or the niche dimension hypothe-
sis in specific systems, they suggest that, on a global scale, the
primary mechanism of species loss following resource addition
is specifically related to the presence of N. In the following sec-
tions, we discuss the interpretation and implications of these
results in view of each hypothesis, as well as the limitations and
implications of this study.

The Biomass-Driven Competition Hypothesis. The biomass-
driven competition hypothesis asserts that the mechanism
underlying species loss under high levels of soil resources is an
increase in biomass which increases the likelihood of competi-
tive exclusion (22–25). This hypothesis is supported by experi-
mental studies (1, 3, 8, 9, 14). It has often been proposed to
explain the decreasing phase of the unimodal biomass–richness
relationships observed in many natural communities (2, 40).

In this meta-analysis, we limited our analysis to experimental
studies and found that the effect of biomass on species richness
was unimodal (Fig. 2A and SI Appendix, Table S2). This was
somewhat surprising, as the prevalent pattern emerging from
previous experimental studies is a monotonic decline in richness
with increasing biomass. A common explanation for the dis-
parity between experimental studies showing mostly negative
relationships and natural gradients often showing a unimodal
relationship is that many experimental studies are conducted at
systems representing the decreasing phase of the unimodal
biomass–richness relationship. Our results are consistent with
this hypothesis, showing that, once a sufficiently broad biomass
gradient is examined (and controlling for differences between
sites), the pattern emerging from experimental studies is also
unimodal.

Nevertheless, the biomass-driven competition hypothesis
(22) gained only modest support in our analysis. While the
total effect of N addition on species richness in our dataset was
a reduction of �20% (Fig. 4B), only �2% was mediated by an
increase in standing biomass (as indicated by the difference
between the effects of N in models with and without biomass;
Fig. 4B).
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Fig. 2. Predicted species richness (mean 6 95% CI) as a function of (A)
standing biomass, (B) the number of added resources, and (C) the presence
of nitrogen. (A) Prediction is based on a mixed-effects linear model with the
linear and quadratic terms of biomass as fixed effects (conditional R2 ¼
0.888, marginal R2 ¼ 0.073). (B) Blue, prediction of a mixed-effects linear

model with the number of resources treated as a continuous variable
(conditional R2 ¼ 0.879, marginal R2 ¼ 0.024); red, predictions of a mixed-
effects model with the number of resources treated as dummy variables
(conditional R2 ¼ 0.880, marginal R2 ¼ 0.025). Data for four added resour-
ces are not shown due to small sample size. (C) Predictions are based on a
mixed-effects model with three levels of resource addition treatments: con-
trol (red, no addition), treatments that do not include nitrogen (blue, N ¼
0), and treatments that include nitrogen (blue, N ¼ 1, conditional R2 ¼
0.889, marginal R2 ¼ 0.031). Biomass and richness are in logarithmic scale.
See SI Appendix, Table S3 for statistical details.

4 of 11 https://doi.org/10.1073/pnas.2112010119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental


The Niche Dimension Hypothesis. The niche dimension
hypothesis posits that limiting resources function as niche axes.
According to this hypothesis, resource addition reduces the
number of niche axes (i.e., the “dimensionality” of the niche
space), thereby reducing the number of species that can coexist
in the community (30). The most common prediction derived
from this hypothesis is that increasing the number of added
resources in resource addition experiments should decrease spe-
cies richness (8, 31, 32, 41). Patterns consistent with this pre-
diction have been observed in several previous experiments (as
well as in our analysis; Fig. 2B) and were interpreted as a sup-
port for the niche dimension hypothesis (8, 31, 32, 41). How-
ever, this interpretation suffers from two limitations. First, pre-
vious studies show that increasing the number of added
resources also increases aboveground biomass (20, 21). The
more acute problem is that the total number of added resources
is inherently correlated with the likelihood that any particular
resource would be included in the set of added resources. For
example, a balanced design of a factorial experiment including
all combinations of N, P, and K (e.g., refs. 8, 31, 32, and 41)
should include N addition in a third of the plots representing
the single-resource treatment, two-thirds of the plots represent-
ing the two-resource treatment, and all plots of the three-
resource treatment. This inherent correlation is expected to
produce a negative response of mean richness to the number of
added resources even if N is the only resource that reduces rich-
ness. This problem is well recognized in the statistical literature
and is usually referred to as the problem of “multiple versions
of a treatment” (42). As far as we know, none of the previous
tests of the niche dimension hypothesis has considered this
inherent confounding effect.

This study controlled for these confounding effects using
two alternative modeling approaches: a mixed-effects model
and a structural equation model. The latter approach explicitly
accounts for possible indirect effects of the number of added
resources and N on species richness through their effects on
biomass. Our results indicate that, for both models, the effect

Table 1. Results of mixed-effects models testing the effects of various combinations of biomass (B), number of
added resources (NAR), and nitrogen (N), on log-transformed species richness

Predictors of species richness

Estimates

All NAR þ N B þ N B þ NAR

Intercept 0.67 *** 1.09 *** 0.65 *** 0.68 ***
(0.41 to 0.94) (1.04 to 1.13) (0.39 to 0.92) (0.41 to 0.96)

Biomass 0.43 *** 0.46 *** 0.46 ***
(0.21 to 0.66) (0.24 to 0.69) (0.23 to 0.70)

Biomass2 �0.11 *** �0.12 *** �0.12 ***
(�0.16 to �0.06) (�0.17 to �0.07) (-0.17 to �0.07)

Number of added resources �0.01 �0.02 ** �0.03 ***
(�0.02 to 0.00) (�0.03 to �0.01) (�0.04 to �0.02)

N presence �0.06 *** �0.07 *** �0.07 ***
(�0.08 to �0.05) (�0.09 to �0.05) (�0.09 to �0.06)

Random effects
r2 0.01 0.01 0.01 0.01
s00 0.06 0.06 0.06 0.06
ICC 0.89 0.89 0.89 0.88
n 141 141 141 141

Observations 630 630 630 630
Marginal R2/conditional R2 0.048/0.895 0.032/0.891 0.050/0.895 0.049/0.888
AICc �802.804 �798.651 �810.138 �766.253

**P < 0.01, ***P < 0.001; r2, residual (within-cluster) variance; s00, between-cluster variance; ICC, intraclass correlation coefficient; n, number of clusters; AICc, corrected AIC.

Species 
richness

Nitrogen
addi�on

Number of
added

resources

***
-0.17

***
-0.11

***
0.13

-0.03

***
-0.12

Composite
biomass

Fig. 3. Results of a structural equation model testing the three hypothe-
ses together (the biomass-driven competition hypothesis, the niche dimen-
sion hypothesis, and the nitrogen detriment hypothesis). The model
includes two equations; one with composite biomass as the response vari-
able (conditional R2 ¼ 0.83, marginal R2 ¼ 0.07); another with species rich-
ness as the response variable (conditional R2 ¼ 0.9, marginal R2 ¼ 0.05).
The observed variables are represented in rectangles. The hexagon indi-
cates a composite variable (biomass-predicted species richness, including
the linear and quadratic terms of biomass). Arrows show structural rela-
tionships (solid arrows indicate a positive effect, while dashed arrows indi-
cate a negative effect). Black arrows represent significant (P < 0.05) rela-
tionships, and the gray arrow represents the nonsignificant relationship.
Numbers near arrows are standardized coefficients obtained by local esti-
mation. ***P < 0.001. The model was tested against nested unsaturated
models and was found to be the best according to the AICc. See SI
Appendix, Table S5 for details. Note that interpretation of arrows related to
the composite variable within SEM differs from other types of variables
(see details in Methods).
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of the number of added resources on species richness was insig-
nificant (Fig. 3, Table 1, and SI Appendix, Fig. S4 and Table
S5). This result contrasts the strong negative effect obtained in
a simple model that ignores such confounding effects (Fig. 2B).
Moreover, removing the number of added resources from the
mixed-effects model increased the predictive power of the
model (based on the AICc criterion; Table 1). These results
seriously question previous studies interpreting the decrease in
richness with an increasing number of added resources as evi-
dence for the niche dimension hypothesis (8, 30–32).

The Nitrogen Detriment Hypothesis. Of all resource combina-
tion treatments included in our analysis (N, P, K, water, NP,
NK, PK, NPK, and NPK with water; Fig. 1B), N had the larg-
est and most significant effect on species richness (SI Appendix,

Table S7). This pattern did not change when standing biomass
was incorporated as an additional predictor in the model (SI
Appendix, Table S7). Further analyses in which each resource
was characterized by its amount (in grams per square meter per
year or millimeters per year) provided similar results (SI
Appendix, Table S7). This highly consistent finding aligns with
previous meta-analyses indicating that N addition is the pri-
mary driver of richness decline in resource addition experiments
(refs. 3, 4, 7, 9, and 36, although see ref. 18).

In principle, N addition could reduce species richness
through its effect on biomass or through N-specific mecha-
nisms not related to biomass (the essence of the nitrogen detri-
ment hypothesis). There are two indications in our analysis for
dominance of the latter hypothesis. First, in the SEM analysis,
the standardized coefficient of the direct path from N to species
richness was roughly an order of magnitude larger than that of
the indirect path through biomass (�0.1197 vs. �0.0150,
respectively). Second, a mixed-effects model incorporating the
effects of all combinations of resources on species richness, with
and without biomass, indicated that the total effect of N (direct
þ indirect) was larger by only 2% than its direct effect
(a reduction of species richness by 20% vs. 18%, respectively;
Fig. 4B). These results support our conclusion that the decline
in richness under high levels of nutrients is related to N-specific
effects.

In fact, more than three decades ago, Goldberg and Miller
(43) proposed that the reduction in species richness following
N enrichment might be related to resource-specific effects
rather than an indirect effect through biomass. These authors
compared the effects of adding water and N (as well as other
nutrients) on both biomass and species richness. They found
that water addition had a greater effect on biomass than N
addition, but only N addition caused a decline in species rich-
ness. Based on these findings, they concluded that the decline
in richness in their experiment was not related to an effect of N
through biomass. They suggested, instead, that a differential
phenology of limitation by different resources was the mecha-
nism responsible for the change in richness. While their expla-
nation cannot be tested with our dataset, our global-scale
results are consistent with their experimental findings.

Several mechanisms can drive a “direct” negative effect of N
on species richness. Besides direct toxicity of ammonia (33), N
addition often causes soil acidification (13, 14, 34, 44–47).
The acidification of the soil subsequently leads to lower
availability of nutrients (13). Soil acidification also has adverse
long-term effects, such as increased litter accumulation and
concentrations of toxic metals (13). Experiments comparing the
effects of N addition with and without soil buffering (using
lime) have shown that the effect of N addition on species rich-
ness is much smaller once soil acidification is prevented (34).
Consistent with these results, soil cation exchange capacity,
which measures the soil's buffering capacity to acidification, is a
major predictor of species loss following N addition in various
systems (3, 6).

Another potential mechanism of species loss following N
addition involves excessive N uptake. Extreme levels of N avail-
ability could increase N uptake and may result in toxic levels of
N in plant tissue. Such levels of N can cause elongation of the
vegetative phase in plants, delaying or preventing maturation,
as well as increased susceptibility to temperature-related stress
or drought (13, 33, 48).

N addition may also change the composition, diversity, and
abundance of the microbial community (47, 49, 50). Such
changes can alter various processes of plant–soil feedbacks,
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Fig. 4. Effects of the four resources examined in our analysis (N, P, K, and
water) on (A) standing biomass and (B) species richness. Data shown are
estimates of the predicted effects on (A) biomass and (B) richness, as esti-
mated by mixed-effects models including all resources and their combina-
tions (NP, NK, PK, NPK, and NPK with water) as fixed effects, without (blue)
and with (red) biomass as a predictor in the model. Interactions are not
shown, since they were statistically insignificant. For ease of interpretation,
the estimated effects (mean 6 95% CI) of each resource were transformed
into percentage gain/loss of (A) biomass and (B) richness relative to the
control (the dashed lines). See SI Appendix, Table S6 for details of the bio-
mass model, and see SI Appendix, Table S7 for the richness model.
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thereby favoring certain species over others and ultimately lead-
ing to competitive exclusions (35, 49).
While our results support the conclusion that N is the main

driver of species loss in resource addition experiments, further
experiments are necessary to better understand the mechanisms
underlying this effect.

Methodological Issues. An inherent limitation of meta-analyses
focusing on experimental studies is among-studies variability in
the experimental design. In our meta-analysis, this variability is
expressed by differences in the kinds of resources added, their
absolute and relative amounts, the size of the experimental
plots, the number of replicates, the duration of the experiment,
etc. Additionally, our data are strongly unbalanced in the repre-
sentation of the various experimental treatments, with some
treatments, particularly N addition, having a much larger sam-
ple size than other treatments (Fig. 1B). These sources of vari-
ance, together with potential publication bias, could have
affected our results and conclusions.
To evaluate the sensitivity of our results to these issues, we

repeated all our analyses using two independent subsets of the
data: the 45 sites of the standardized “NutNet” experimental
network (8) and all other sites for which we had data (a total of
54 sites). Since data obtained from the “NutNet” network do
not suffer from any of the above issues, a comparison of the
results obtained from the two subsets of data allowed us to
assess the sensitivity of our results to noise caused by inconsis-
tency in the experimental design and publication bias. Further-
more, a strong consistency in the results obtained from the two
datasets can be interpreted as significant support for our
conclusions.
Comparing the patterns obtained for the two independent

datasets revealed a high degree of similarity in both the general
patterns (SI Appendix, Figs. S5–S9) and the statistical models
(SI Appendix, Tables S8–S10). This strong consistency indicates
that our findings are not mere artifacts of noise or biases in the
data and further supports our conclusions.
Still, it should be emphasized that our study does not cover

all previously proposed explanations for the negative effect of
nutrient enrichment on species richness. For example, one par-
ticular hypothesis that could not be tested with our data is that
the decline of richness under high levels of resources reflects a
pure sampling effect of a decrease in the number of individuals
(51). According to this hypothesis, increasing soil resources
leads to an increase in average plant size, and this increase leads
to a corresponding increase in the skewness of the plant size
distribution (i.e., an increase in the relative frequency of rela-
tively small plants). Since smaller plants are more likely to die
than larger plants, this process reduces the number of individu-
als and decreases the number of species by a pure sampling
effect (51, 52).
Finally, it should also be pointed out that we do not claim

that competition is not important as a driver of species loss under
high levels of soil resources. On the contrary, there are strong
experimental indications that high levels of soil resources may
reduce richness by increasing competition for light (26, 27). Nev-
ertheless, what can be learned from our analysis is that the overall
contribution of this mechanism to species loss in resource addi-
tion experiments is lower than that of N-specific effects.

Conclusion and Implications. This global-scale analysis pro-
vides strong support for the nitrogen detriment hypothesis,
modest support for the biomass-driven competition hypothesis,
and insufficient support for the niche dimension hypothesis.

The finding that N enrichment leads to the most detrimental
effect on species richness has major implications for nature con-
servation (9, 13, 53), since N eutrophication is one of the main
threats to biodiversity in this century (11). The fact that a low-
diversity state could persist even decades after the reduction of
N inputs makes this problem even more acute (54). Our results
support previous suggestions concerning the need to reduce
anthropogenic N emissions. Such efforts have been successful
in some countries, but, in most parts of the world, the N depo-
sition rate is still increasing (55). They also imply that future
research should devote more efforts to identifying the specific
mechanisms underlying the negative effect of N on spe-
cies richness.

Methods

Literature Search. The basic criterion for inclusion of a study in the dataset
was reporting results of species richness of herbaceous plants in experiments
that include manipulation of at least one of the following soil resources: N, P, K,
and water. We focused on these resources because other resource manipulations
were too rare for statistical analyses.

We conducted our initial search in the Web of Science search engine, using
the following phrase: “(richness OR *diversity OR “species loss” OR composition
OR “community*”) AND (“resource addition*” OR “resource availability” OR
“nutrient addition*” OR “nutrient enrichment*” OR “nutrient availability” OR
(nitrogen AND addition*) OR (nitrogen AND enrichment*) OR “nitrogen
availability” OR (phosphorus AND addition*) OR (phosphorus AND enrichment*)
OR “phosphorus availability” OR (potassium AND addition*) OR (potassium AND
enrichment*) OR “potassium availability” OR (water AND addition*) OR “water
availability” OR irrigation) AND experiment* AND (grassland* OR herbaceous OR
annual*)”. This search yielded 2,213 results (1 April 2021). After screening man-
ually through the titles and abstracts, 319 papers were found to be potentially
relevant. An additional 107 studies were collected from references within these
papers. A deeper scanning of the main text of these papers produced a final
directory of 164 papers that reported richness responses to resource manipula-
tions (SI Appendix, Appendix 1).

Dataset Construction. Based on the data obtained from the 164 papers, we
constructed a unified database where each record (row) represents the applica-
tion of a single experimental treatment in a specific site and at a specific time.
An experimental treatment was defined as the addition of a certain amount of a
given resource to a set of replicated plots or, in cases of multiple resources, the
application of a particular combination of resources to a set of replicated plots.
Sets of control plots were also regarded as treatments with respect to their repre-
sentation in the database. If a study reported data for multiple years, we
recorded only the last year of observation. In cases where the same plot was
sampled several times during the same year, a single time (the one with the
highest mean richness in control plots) was selected for the analysis. When data
were only reported in figures, we used the digitizing program GetData (56) to
extract the relevant numerical data. This procedure resulted in 1,737 records,
where each record represents the application of a single resource (e.g., P), a
combination of resources (e.g., N and water), or a control group, and the corre-
sponding species richness and biomass data (if available). Only treatments for
which there was an appropriate control group were included in this dataset, and
a given control group could be used as a reference to one or more resource addi-
tion treatments in the same site. We, therefore, coded the treatments in a man-
ner that allowed us to relate each treatment to its relevant control. We termed
this code “Cluster ID” and used it as a random variable in all analyses.

The above dataset was further refined to exclude several undesirable charac-
teristics. Some studies were removed due to the use of unconventional meas-
ures that proved troublesome compared to the majority of the papers (e.g.,
reporting average species richness of specific functional groups rather than the
entire community). When the same resource was added using different fertil-
izers, one type was chosen at random to prevent the disproportional weight of
such studies in the analysis. In cases of studies reporting richness at multiple
scales within the same plot (e.g., 1 m2 and 10 m2), a single spatial scale was
chosen based on the most common sampling unit size in the dataset (1 m2) to

PNAS 2022 Vol. 119 No. 10 e2112010119 https://doi.org/10.1073/pnas.2112010119 7 of 11

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112010119/-/DCSupplemental


prevent pseudoreplication. Two studies showing extreme values of biomass or
richness (at least 5 times greater than any other paper) were also removed from
the dataset, as they were considered outliers.

Our statistical analyses (see below) were designed to distinguish between
two types of predictors representing resource addition: quantitative data (the
amount of each resource in the relevant treatment) and binary data (the pres-
ence or absence of each resource in a given treatment). We, therefore, created
two subsets of data: 1) a quantitative dataset including all treatments where
each treatment was characterized by the amount of each resource added; and 2)
a binary dataset, where treatments were characterized by the presence or
absence of each resource. The latter dataset was further reduced to equalize the
weight of experiments applying single versus multiple amounts of resources
when using the binary dataset. Specifically, if different amounts of the same (sin-
gle) resource were applied in the same experiment, only a single amount was
selected for the binary dataset—the one that was most common in the rest of the
experiments (10 g�m�2�y�1 for nutrients and 180 mm for water). The final
binary dataset included 1,004 records distributed over 150 different locations
(Fig. 1 and SI Appendix, Appendix 1 and Table S1). Biomass data were available
for 630 of these records, distributed over 99 locations.

Most of our analyses used the binary dataset, except for testing the effects of
all combinations of resources on species richness, which was applied on both
datasets to test robustness.

Data Analysis. All our analyses are based on mixed-effects models with cluster
IDs treated as a random effect to account for differences between sites. To meet
the assumption of the model, we have log10-transformed biomass and species
richness which improved the normality and minimized heteroscedasticity of the
data. All statistical analyses were performed in R version 4.1.1 using the pack-
ages MuMIn, lme4, lmerTest, and piecewiseSEM (57–60).

We started by testing each hypothesis separately. First, the prediction that
increasing biomass reduces richness was tested using both linear and quadratic
models. Next, we tested the effect of the number of added resources on species
richness. The number of added resources was treated as a continuous variable or
a set of dummy variables for each resource level. In the dummy variable model,
each treatment was assigned to one of five categories based on the number of
resources added in that treatment (zero, one, two, three, or four resources). How-
ever, the last category was omitted due to the small sample size (n ¼ 3). Lastly,
we tested the prediction that the presence of N reduces species richness while
other resources do not. In this model, all combinations of experimental treatments
were classified into three groups: control treatments (no addition), resource addi-
tion treatments without N, and resource addition treatments with N. According to
the nitrogen detriment hypothesis, resource addition treatments without N should
not differ in richness from the control treatments, and both treatments should
show higher richness than resource addition treatments with N.

In the second step, we incorporated the effects of biomass (including its lin-
ear and quadratic terms), the number of added resources, and N in a single inte-
grated model. Two types of models were used for this purpose: a multiple
regression model and a SEM. To better interpret the regression model results,

we also compared the predictive power of regression models incorporating all
possible combinations of biomass, the number of added resources, and N, based
on their AICc (61). Differences in AICc values obtained for selected pairs of mod-
els were also expressed as evidence ratio [the ratio between their Akaike weights
(62)] to interpret the magnitude of the observed differences more intuitively.

The second type of model (SEM) was designed for separating the direct and
biomass-mediated effects of N and the number of added resources on species
richness. The first equation of the SEM included the number of added resources
and N as predictors of a composite variable representing the predicted species
richness by the linear and quadratic terms of biomass. The second equation
included the composite variable, the number of added resources, and N as pre-
dictors of species richness. Biomass was incorporated as a composite variable to
account for its unimodal effect on species richness (see ref. 39 for details on
incorporating quadratic relationships in SEM using composite variables). This
approach enables calculating indirect effects through biomass by multiplying the
relevant coefficients (arrows in Fig. 3). However, caution is needed in interpret-
ing the signs of the arrows; for example, a negative effect of nitrogen on the
composite variable does not represent a negative effect on biomass but a nega-
tive effect on species richness as predicted by biomass. In other words, the coeffi-
cients related to the composite variable should not be interpreted as effects of,
or on, biomass.

The analysis of the SEM started with a saturated model that included all the
potential paths, which we later compared to simpler models by removing paths
(19). We compared the AICc scores of all potential submodels and ultimately
chose the saturated model because it best fitted the data (i.e., had the lowest
AICc score). We have also built an alternative SEM in which biomass and richness
were incorporated in terms of their effect size instead of their actual values
(everything else was the same). The effect size was calculated as the log10-trans-
formed ratio between treatment and control values (63).

The third phase of the analysis aimed to compare the effects of the four types
of resources (N, P, K, and water) on biomass and species richness using multiple
regressions. Specifically, we tested whether each combination of the four resour-
ces affects biomass, and whether the effects of the resources on species richness
are mediated by biomass. For the second aim, we compared the effects of each
resource on species richness in a model that included only the resources and a
model that also included biomass. The model without biomass estimates the
combined effects of the direct and biomass-mediated effects, while the model
that includes biomass estimates the direct effect of each resource combination.

Data Availability. The csv files and R file have been deposited in Figshare,
https://figshare.com/s/d2933788bc55814b47f3 (64). Previously published data
were used for this work (8, 27, 34, 43, 44, 53, 65–196).
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80. T. Dias, S. Malveiro, M. A. Martins-Louç~ao, L. J. Sheppard, C. Cruz, Linking N-driven biodiversity
changes with soil N availability in a Mediterranean ecosystem. Plant Soil 341, 125–136 (2011).

81. T. L. Dickson, B. L. Foster, The relative importance of the species pool, productivity and
disturbance in regulating grassland plant species richness: A field experiment. J. Ecol. 96,
937–946 (2008).

82. T. L. Dickson, K. L. Gross, Plant community responses to long-term fertilization: Changes in
functional group abundance drive changes in species richness. Oecologia 173, 1513–1520
(2013).

83. T. L. Dickson, G. G. Mittelbach, H. L. Reynolds, K. L. Gross, Height and clonality traits determine
plant community responses to fertilization. Ecology 95, 2443–2452 (2014).

84. E. Du, Integrating species composition and leaf nitrogen content to indicate effects of nitrogen
deposition. Environ. Pollut. 221, 392–397 (2017).

85. L. Fan, Y. Li, L. Tang, J. Ma, Combined effects of snow depth and nitrogen addition on ephemeral
growth at the southern edge of the Gurbantunggut Desert, China. J. Arid Land 5, 500–510
(2013).

86. Y. Fang, F. Xun, W. Bai, W. Zhang, L. Li, Long-term nitrogen addition leads to loss of species
richness due to litter accumulation and soil acidification in a temperate steppe. PLoS One 7,
e47369 (2012).

87. B. L. Foster, K. L. Gross, Species richness in a successional grassland: Effects of nitrogen
enrichment and plant litter. Ecology 79, 2593–2602 (1998).

88. E. I. Gasarch, T. R. Seastedt, Plant community response to nitrogen and phosphorus enrichment
varies across an alpine tundra moisture gradient. Plant Ecol. Divers. 8, 739–749 (2015).

89. F. S. Gilliam, A. W. Hockenberry, M. B. Adams, Effects of atmospheric nitrogen deposition on the
herbaceous layer of a central Appalachian hardwood forest. J. Torrey Bot. Soc. 133, 240–254
(2006).

90. E. S. Gornish, T. E. Miller, Plant community responses to simultaneous changes in temperature,
nitrogen availability, and invasion. PLoS One 10, e0123715 (2015).

91. L. Gough, P. A. Wookey, G. R. Shaver, Dry heath arctic tundra responses to long-term nutrient and
light manipulation. Arct. Antarct. Alp. Res. 34, 211–218 (2002).

92. L. Gough, J. B. Grace, Herbivore effects on plant species density at varying productivity levels.
Ecology 79, 1586–1594 (1998).

93. K. L. Gross, G. G. Mittelbach, H. L. Reynolds, Grassland invasibility and diversity: Responses to
nutrients, seed input, and disturbance. Ecology 86, 476–486 (2005).

94. T. Hao, L. Song, K. Goulding, F. Zhang, X. Liu, Cumulative and partially recoverable impacts of
nitrogen addition on a temperate steppe. Ecol. Appl. 28, 237–248 (2018).

95. W. S. Harpole, D. L. Potts, K. N. Suding, Ecosystem responses to water and nitrogen amendment
in a California grassland. Glob. Change Biol. 13, 2341–2348 (2007).

96. S. E. Hartley, T. H. Jones, Plant diversity and insect herbivores: Effects of environmental change in
contrasting model systems. Oikos 101, 6–17 (2003).

97. E. Harvey, A. S. MacDougall, Noninteracting impacts of fertilization and habitat area on plant
diversity via contrasting assembly mechanisms. Divers. Distrib. 24, 509–520 (2018).

98. F. He, Z. Tong, L. Wang, G. Zheng, X. Li, Effect of fertilizer additions on plant communities and soil
properties in a temperate grassland steppe. Pol. J. Environ. Stud. 27, 1533–1540 (2018).

99. M. Hejcman, M. �Ce�skov�a, J. Schellberg, S. P€atzold, The Rengen Grassland Experiment: Effect of
soil chemical properties on biomass production, plant species composition and species richness.
Folia Geobot. 45, 125–142 (2010).

100. M. Hejcman, M. Klaudisov�a, J. Schellberg, D. Honsov�a, The Rengen Grassland Experiment: Plant
species composition after 64 y of fertilizer application. Agric. Ecosyst. Environ. 122, 259–266
(2007).

101. S. S. Hoeppner, J. S. Dukes, Interactive responses of old-field plant growth and composition to
warming and precipitation. Glob. Change Biol. 18, 1754–1768 (2012).

102. M. Hu et al., Fire rather than nitrogen addition affects understory plant communities in the short
term in a coniferous-broadleaf mixed forest. Ecol. Evol. 8, 8135–8148 (2018).

PNAS 2022 Vol. 119 No. 10 e2112010119 https://doi.org/10.1073/pnas.2112010119 9 of 11

http://getdata-graph-digitizer.com/
https://r-forge.r-project.org/projects/mumin/
https://r-forge.r-project.org/projects/mumin/
https://figshare.com/s/d2933788bc55814b47f3
https://figshare.com/s/d2933788bc55814b47f3


103. R. Huber, Changes in plant species richness in a calcareous grassland following changes in
environmental conditions. Folia Geobot. 29, 469–482 (1994).

104. J. Kidd, P. Manning, J. Simkin, S. Peacock, E. Stockdale, Impacts of 120 years of fertilizer addition
on a temperate grassland ecosystem. PLoS One 12, e0174632 (2017).

105. F. W. Kirkham, J. O. Mountford, R. J. Wilkins, The effects of nitrogen, potassium and phosphorus
addition on the vegetation of a Somerset peat moor under cutting management. J. Appl. Ecol.
33, 1013–1029 (1996).

106. J.-H. Kwak, S. X. Chang, M. A. Naeth, Eleven years of simulated deposition of nitrogen but not
sulfur changed species composition and diversity in the herb stratum in a boreal forest in western
Canada. For. Ecol. Manage. 412, 1–8 (2018).

107. L. Gough, J. B. Grace, The influence of vines on an oligohaline marsh community: Results of a
removal and fertilization study. Oecologia 112, 403–411 (1997).

108. L. M. Ladwig et al., Above- and belowground responses to nitrogen addition in a Chihuahuan
Desert grassland. Oecologia 169, 177–185 (2012).

109. M. Lai, S. He, S. Yu, G. Jin, Effects of experimental N addition on plant diversity in an old-growth
temperate forest. Ecol. Evol. 8, 5900–5911 (2018).

110. Z. Lan, Y. Bai, Testing mechanisms of N-enrichment-induced species loss in a semiarid Inner
Mongolia grassland: Critical thresholds and implications for long-term ecosystem responses.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 367, 3125–3134 (2012).

111. Z. Lan et al., Testing the scaling effects and mechanisms of N-induced biodiversity loss: Evidence
from a decade-long grassland experiment. J. Ecol. 103, 750–760 (2015).

112. J. Lep�s, Nutrient status, disturbance and competition: An experimental test of relationships in a
wet meadow. J. Veg. Sci. 10, 219–230 (1999).

113. J. Li et al., Grazing and fertilization influence plant species richness via direct and indirect
pathways in an alpine meadow of the eastern Tibetan Plateau. Grass Forage Sci. 72, 343–354
(2017).

114. K. Li et al., Response of alpine grassland to elevated nitrogen deposition and water supply in
China. Oecologia 177, 65–72 (2015).

115. W. Li et al., Plant functional diversity can be independent of species diversity: Observations based
on the impact of 4-yrs of nitrogen and phosphorus additions in an alpine meadow. PLoS One 10,
e0136040 (2015).

116. W. Li, S. Wen, W. Hu, G. Du, Root-shoot competition interactions cause diversity loss after
fertilization: A field experiment in an alpine meadow on the Tibetan Plateau. J. Plant Ecol. 4,
138–146 (2011).

117. W. Li et al., Community-level trait responses and intraspecific trait variability play important roles
in driving community productivity in an alpine meadow on the Tibetan Plateau. J. Plant Ecol. 10,
592–600 (2017).

118. J. Liira et al., Grassland diversity under changing productivity and the underlying mechanisms -
Results of a 10-y experiment. J. Veg. Sci. 23, 919–930 (2012).

119. B. Lisa, G. Renato, Recovery of subalpine dwarf shrub heath after neighbor removal and
fertilization. Plant Ecol. 183, 227–235 (2006).

120. J. Liu et al., Biodiversity explains maximum variation in productivity under experimental
warming, nitrogen addition, and grazing in mountain grasslands. Ecol. Evol. 8, 10094–10112
(2018).

121. Y. Liu et al., Direct and indirect influences of 8 yr of nitrogen and phosphorus fertilization on
Glomeromycota in an alpine meadow ecosystem. New Phytol. 194, 523–535 (2012).

122. F. Louault et al., Complex plant community responses to modifications of disturbance and
nutrient availability in productive permanent grasslands. J. Veg. Sci. 28, 538–549 (2017).

123. X. Lu, J. Mo, F. S. Gilliam, G. Zhou, Y. Fang, Effects of experimental nitrogen additions on plant
diversity in an old-growth tropical forest. Glob. Change Biol. 16, 2688–2700 (2010).

124. X. Lu et al., Effects of experimental nitrogen additions on plant diversity in tropical forests of
contrasting disturbance regimes in southern China. Environ. Pollut. 159, 2228–2235 (2011).

125. R. Luo et al., Nitrogen and phosphorus enrichment accelerates soil organic carbon loss in alpine
grassland on the Qinghai-Tibetan Plateau. Sci. Total Environ. 650, 303–312 (2019).

126. N. J. Madan, L. J. Deacon, C. H. Robinson, Greater nitrogen and/or phosphorus availability
increase plant species’ cover and diversity at a High Arctic polar semidesert. Polar Biol. 30,
559–570 (2006).

127. T. J. Massad et al., Interactions between repeated fire, nutrients, and insect herbivores affect the
recovery of diversity in the southern Amazon. Oecologia 172, 219–229 (2013).

128. T. J. Massad et al., Early recruitment responses to interactions between frequent fires, nutrients,
and herbivory in the southern Amazon. Oecologia 178, 807–817 (2015).

129. J. O. Mountford, K. H. Lakhani, F. W. Kirkham, Experimental assessment of the effects of nitrogen
addition under hay-cutting and aftermath grazing on the vegetation of meadows on a Somerset
peat moor. J. Appl. Ecol. 30, 321–332 (1993).

130. C. Neill et al., Influence of soil properties on coastal sandplain grassland establishment on former
agricultural fields. Restor. Ecol. 23, 531–538 (2015).

131. M.-C. Nilsson, D. A. Wardle, O. Zackrisson, A. J€aderlund, Effects of alleviation of ecological
stresses on an alpine tundra community over an eight-year period. Oikos 97, 3–17 (2002).

132. A. Nishimura, S. Tsuyuzaki, Plant responses to nitrogen fertilization differ between postmined
and original peatlands. Folia Geobot. 50, 107–121 (2015).

133. D. Niu et al., The impact of nitrogen enrichment on grassland ecosystem stability depends on
nitrogen addition level. Sci. Total Environ. 618, 1529–1538 (2018).

134. K. Niu et al., Fertilization decreases species diversity but increases functional diversity: A three-
year experiment in a Tibetan alpine meadow. Agric. Ecosyst. Environ. 182, 106–112 (2014).

135. J. Olofsson, H. Shams, Determinants of plant species richness in an alpine meadow. J. Ecol. 95,
916–925 (2007).

136. R. Ostertag, J. H. Verville, Fertilization with nitrogen and phosphorus increases abundance of
nonnative species in Hawaiian montane forests. Plant Ecol. 162, 77–90 (2002).

137. J. J. Pan, B. Widner, D. Ammerman, R. E. Drenovsky, Plant community and tissue chemistry
responses to fertilizer and litter nutrient manipulations in a temperate grassland. Plant Ecol. 206,
139–150 (2010).

138. D. Pauli, M. Peintinger, B. Schmid, Nutrient enrichment in calcareous fens: Effects on plant
species and community structure. Basic Appl. Ecol. 3, 255–266 (2002).

139. M. Pierik, J. van Ruijven, T. M. Bezemer, R. H. E. M. Geerts, F. Berendse, Recovery of plant species
richness during long-term fertilization of a species-rich grassland. Ecology 92, 1393–1398
(2011).

140. J. N. Price, J. W. Morgan, Vegetation dynamics following resource manipulations in herb-rich
woodland. Plant Ecol. 188, 29–37 (2007).

141. Q. Quan, H. Nianpeng, Z. Zhen, Z. Yunhai, G. Yang, Nitrogen enrichment and grazing accelerate
vegetation restoration in degraded grassland patches. Ecol. Eng. 75, 172–177 (2015).

142. H. L. Reynolds, G. G. Mittelbach, T. L. Darcy-Hall, G. R. Houseman, K. L. Gross, No effect of varying
soil resource heterogeneity on plant species richness in a low fertility grassland. J. Ecol. 95,
723–733 (2007).

143. T. R. Seastedt, L. Vaccaro, Plant species richness, productivity, and nitrogen and phosphorus
limitations across a snowpack gradient in alpine tundra, Colorado, U.S.A. Arct. Antarct. Alp. Res.
33, 100–106 (2001).

144. J. Serafini, P. Grogan, L. Aarssen, Summer precipitation limits plant species richness but not
overall productivity in a temperate mesic old-field meadow. J. Veg. Sci. 30, 832–844 (2019).

145. M.-H. Song et al., Grazing offsets nitrogen enrichment effects on species richness by promoting
the random colonization of local species in an alpine grassland. Ecosystems (N. Y.) 23, 278–291
(2020).

146. M.-H. Song, F.-H. Yu, Reduced compensatory effects explain the nitrogen-mediated reduction in
stability of an alpine meadow on the Tibetan Plateau. New Phytol. 207, 70–77 (2015).

147. M. P. Srinivasan, S. K. Gleeson, M. A. Arthur, Short-term impacts of nitrogen fertilization on a
montane grassland ecosystem in a South Asian biodiversity hotspot. Plant Ecol. Divers. 5,
289–299 (2012).

148. M. Sternberg, V. K. Brown, G. J. Masters, I. P. Clarke, Plant community dynamics in a calcareous
grassland under climate change manipulations. Plant Ecol. 143, 29–37 (1999).

149. F. Su et al., Sensitivity of plant species to warming and altered precipitation dominates the
community productivity in a semiarid grassland on the Loess Plateau. Ecol. Evol. 9, 7628–7638
(2019).

150. J. Su, X. Li, X. Li, L. Feng, Effects of additional N on herbaceous species of desertified steppe in
arid regions of China: A four-year field study. Ecol. Res. 28, 21–28 (2013).

151. X. Sun, K. Yu, H. H. Shugart, G. Wang, Species richness loss after nutrient addition as affected by
N:C ratios and phytohormone GA3 contents in an alpine meadow community. J. Plant Ecol. 9,
201–211 (2016).

152. M. K. Sundqvist, Z. Liu, R. Giesler, D. A. Wardle, Plant and microbial responses to nitrogen and
phosphorus addition across an elevational gradient in subarctic tundra. Ecology 95, 1819–1835
(2014).

153. K. B. Suttle, M. A. Thomsen, M. E. Power, Species interactions reverse grassland responses to
changing climate. Science 315, 640–642 (2007).

154. Q. Tian et al., A novel soil manganese mechanism drives plant species loss with increased
nitrogen deposition in a temperate steppe. Ecology 97, 65–74 (2016).

155. K. Tielb€orger et al., Middle-Eastern plant communities tolerate 9 years of drought in a multi-site
climate manipulation experiment. Nat. Commun. 5, 5102 (2014).

156. D. Tilman, Species richness of experimental productivity gradients: How important is colonization
limitation? Ecology 74, 2179–2191 (1993).

157. P. M. Tognetti, E. J. Chaneton, Community disassembly and invasion of remnant native
grasslands under fluctuating resource supply. J. Appl. Ecol. 52, 119–128 (2015).

158. J. M. Valliere, I. C. Irvine, L. Santiago, E. B. Allen, High N, dry: Experimental nitrogen deposition
exacerbates native shrub loss and nonnative plant invasion during extreme drought. Glob.
Change Biol. 23, 4333–4345 (2017).

159. P. Verma, R. Sagar, H. Verma, P. Verma, D. K. Singh, Changes in species composition, diversity
and biomass of herbaceous plant traits due to N amendment in a dry tropical environment of
India. J. Plant Ecol. 8, 321–332 (2015).

160. P. Verma, P. Verma, R. Sagar, Variations in N mineralization and herbaceous species diversity due
to sites, seasons, and N treatments in a seasonally dry tropical environment of India. For. Ecol.
Manage. 297, 15–26 (2013).

161. G. L. Vourlitis, Chronic N enrichment and drought alter plant cover and community composition
in a Mediterranean-type semi-arid shrubland. Oecologia 184, 267–277 (2017).

162. G. L. Vourlitis, S. C. Pasquini, Experimental dry-season N deposition alters species composition in
southern Californian mediterranean-type shrublands. Ecology 90, 2183–2189 (2009).

163. C. A. Walter, M. B. Adams, F. S. Gilliam, W. T. Peterjohn, Non-random species loss in a forest
herbaceous layer following nitrogen addition. Ecology 98, 2322–2332 (2017).

164. D. A. Wardle, M. J. Gundale, A. J€aderlund, M.-C. Nilsson, Decoupled long-term effects of nutrient
enrichment on aboveground and belowground properties in subalpine tundra. Ecology 94,
904–919 (2013).

165. D. A. Wedin, D. Tilman, Influence of nitrogen loading and species composition on the carbon
balance of grasslands. Science 274, 1720–1723 (1996).

166. J. H. Willems, R. K. Peet, L. Bik, Changes in chalk-grassland structure and species richness
resulting from selective nutrient additions. J. Veg. Sci. 4, 203–212 (1993).

167. S. D. Wilson, D. Tilman, Interactive effects of fertilization and disturbance on community structure
and resource availability in an old-field plant community. Oecologia 88, 61–71 (1991).

168. S. D. Wilson, D. Tilman, Component of plant competition along an experimental gradient of
nitrogen availability. Ecology 72, 1050–1065 (1991).

169. S. D. Wilson, D. Tilman, Quadratic variation in old-field species richness along gradients of
disturbance and nitrogen. Ecology 83, 492–504 (2002).

170. A. Xing et al., Long term effect of nitrogen addition on understory community in a Chinese boreal
forest. Sci. Total Environ. 646, 989–995 (2019).

171. D. Xu et al., Influences of nitrogen, phosphorus and silicon addition on plant productivity and
species richness in an alpine meadow. AoB Plants 7, plv125 (2015).

172. F.-W. Xu et al., Resource enrichment combined with biomass removal maintains plant
diversity and community stability in a long-term grazed grassland. J. Plant Ecol. 13, 611–620
(2020).

173. X. Xu et al., Response of aboveground biomass and diversity to nitrogen addition along a
degradation gradient in the Inner Mongolian steppe, China. Sci. Rep. 5, 10284 (2015).

174. Z. W. Xu, S. Q. Wan, H. Y. Ren, X. G. Han, Y. Jiang, Influences of land use history and short-term
nitrogen addition on community structure in temperate grasslands. J. Arid Environ. 87, 103–109
(2012).

175. Z. Xu et al., Effects of water and nitrogen addition on species turnover in temperate grasslands in
northern China. PLoS One 7, e39762 (2012).

176. G.-J. Yang et al., Mowing mitigates the negative impacts of N addition on plant species diversity.
Oecologia 189, 769–779 (2019).

177. H. Yang et al., Diversity-dependent stability under mowing and nutrient addition: Evidence from
a 7-year grassland experiment. Ecol. Lett. 15, 619–626 (2012).

10 of 11 https://doi.org/10.1073/pnas.2112010119 pnas.org



178. H. Yang et al., Plant community responses to nitrogen addition and increased precipitation:
The importance of water availability and species traits. Glob. Change Biol. 17, 2936–2944
(2011).

179. H. Yang et al., Community structure and composition in response to climate change in a
temperate steppe. Glob. Change Biol. 17, 452–465 (2011).

180. X. Yang et al., Nitrogen fertilization, not water addition, alters plant phylogenetic community
structure in a semiarid steppe. J. Ecol. 106, 991–1000 (2018).

181. H.-W. Yu, W.-M. He, Increased rainfall and nitrogen alter colonization and extinction during
postgrazing steppe succession. J. Veg. Sci. 30, 75–85 (2019).

182. L. Yu et al., Responses of plant diversity and primary productivity to nutrient addition in a Stipa
baicalensis grassland, China. J. Integr. Agric. 14, 2099–2108 (2015).

183. E. S. Zavaleta et al., Grassland responses to three years of elevated temperature, CO2,
precipitation, and N deposition. Ecol. Monogr. 73, 585–604 (2003).

184. D.-H. Zeng et al., Effects of nitrogen addition on vegetation and ecosystem carbon in a semiarid
grassland. Biogeochemistry 98, 185–193 (2010).

185. T. Zhang, R. Guo, S. Gao, J. Guo, W. Sun, Responses of plant community composition and
biomass production to warming and nitrogen deposition in a temperate meadow ecosystem.
PLoS One 10, e0123160 (2015).

186. X. Zhang, W. Liu, Y. Bai, G. Zhang, X. Han, Nitrogen deposition mediates the effects and
importance of chance in changing biodiversity.Mol. Ecol. 20, 429–438 (2011).

187. Y. Zhang et al., Nitrogen addition does not reduce the role of spatial asynchrony in stabilising
grassland communities. Ecol. Lett. 22, 563–571 (2019).

188. X. Zhao et al., The effects of nutrient addition on plant species diversity in desert grassland,
Xinjiang, northwest China. Quat. Int. 298, 152–160 (2013).

189. Y. Zhao et al., Community composition, structure and productivity in response to nitrogen and
phosphorus additions in a temperate meadow. Sci. Total Environ. 654, 863–871 (2019).

190. Z. Zheng, W. Bai, W.-H. Zhang, Root trait-mediated belowground competition and
community composition of a temperate steppe under nitrogen enrichment. Plant Soil 437,
341–354 (2019).

191. M. Zhong et al., Asymmetric responses of plant community structure and composition to
precipitation variabilities in a semi-arid steppe. Oecologia 191, 697–708 (2019).

192. X. Zhou, M. A. Bowker, Y. Tao, L. Wu, Y. Zhang, Chronic nitrogen addition induces a cascade of
plant community responses with both seasonal and progressive dynamics. Sci. Total Environ.
626, 99–108 (2018).

193. X. Zhou et al., The effects of fertilization on the trait-abundance relationships in a Tibetan alpine
meadow community. J. Plant Ecol. 9, 144–152 (2016).

194. J. Zhu, Y. Zhang, X. Yang, N. Chen, L. Jiang, Synergistic effects of nitrogen and CO2
enrichment on alpine grassland biomass and community structure. New Phytol. 228, 1283–1294
(2020).

195. N. Zong, P. Shi, Enhanced community production rather than structure improvement under
nitrogen and phosphorus addition in severely degraded alpine meadows. Sustainability 11,
2023 (2019).

196. N. Zong et al., Nitrogen critical loads for an alpine meadow ecosystem on the Tibetan Plateau.
Environ. Manage. 57, 531–542 (2016).

PNAS 2022 Vol. 119 No. 10 e2112010119 https://doi.org/10.1073/pnas.2112010119 11 of 11


	TF1

