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Relationships among (a) productivity, (b) species richness, and (c) annual species abundance vs. rainfall (May—June),

combining 24 plots with nitrogen addition (N) vs. 24 plots without nitrogen addition (C). We found a significant interaction
between N and rainfall for productivity and annual species abundance, while only a main effect of rainfall for species richness
(Table 1). Data are presented as mean + SE. [Color figure can be viewed at wileyonlinelibrary.com)]

DiscussioN

Productivity and its temporal stability

Nutrients, especially N, are commonly important lim-
iting factors for productivity in many types of grasslands
(Fay et al. 2015). Much of our current understanding of

TaBLE 2. Model results of species asynchrony with nitrogen
(N), phosphorus (P), and potassium (K) additions and their
interactions.

Temporal stability Species
of productivity asynchrony

Covariate df F df F

N 1,40 3().34%%* 1,40 3.11
P 1,40 1.71 1,40 0.002
K 1,40 0.03 1,40 0.53
N9 P 1,40 1.00 1,40 0.05
N9 K 1,40 0.02 1,40 1.56
P9 K 1,40 0.65 1,40 1.35
N9 P9 K 1,40 0.02 1,40 2.01

Notes: Replication is a single measure for each of 48 plots
because data across years is used to create the single metric. For
temporal stability of productivity, R*> = 0.418; for species asyn-
chrony, R? = 0.155. ***P < 0.001.

how plant diversity influences ecosystem functioning is
based on nutrient-limited grasslands (Tilman et al. 2006,
Hautier et al. 2014). However, the distribution of differ-
ent types of grasslands in North America, i.e., tall grass,
mixed grass and short grass prairies, is driven by gradi-
ents in precipitation. Additionally, many grasslands
worldwide are located in relatively dry, arid environ-
ments where water is, in many years, the primary factor
limiting productivity (Knapp and Smith 2001). Current
consensus is that nutrient additions increase productivity
and decrease temporal stability of productivity (Tilman
et al. 2006, Bezemer and van der Putten 2007, Isbell
et al. 2009, Cardinale et al. 2013, Hautier et al. 2014).
However, this consensus is largely based on studies in
primarily nutrient-limited, relatively wet grasslands, and
does not fit the data of our arid, primarily water-limited
grassland. Our study site is part of the network of 41
sites in the Nutrient Network Global Research Coopera-
tive where stability in grasslands has been examined
(Hautier et al. 2014). The majority of these sites (32 out
of 41) are located in relatively wet areas with annual pre-
cipitation between 521 to 1,898 mm; only nine sites have
precipitation of <450 mm annually (Hautier et al. 2014).
Furthermore, the response of nutrient additions
increases with rainfall (Lee et al. 2010). Many, if not the
majority, of the world’s grasslands are water limited
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Fic. 2. (a) Temporal stability and (b) species asynchrony
response of 48 plots across seven years of nitrogen addition (N)
vs. without nitrogen addition (C). Heavy lines show mean values.
The main effect of nitrogen on temporal stability was the only
significant response across all nutrient addition treatments
(Table 2). [Color figure can be viewed at wileyonlinelibrary.com]

(Sala et al. 2012). Therefore, this skew in research loca-
tions is a major limitation of studies examining overall
patterns in grasslands.

In the arid, relatively dry grassland we studied, rainfall
is the primary limiting factor for productivity in most
years, and N limitation is a secondary factor during wet
years. The temporal stability of productivity also
decreased with N addition, consistent with other studies
(Tilman et al. 2006, Isbell et al. 2009, Hautier et al.
2014). However in contrast to other studies, we found no
significant change in species richness or species asyn-
chrony. Species composition strongly fluctuated over
time, linked with an increase in annual species abundance
in wet years. Thus consistent with our hypothesis for this
arid grassland, N addition does not lead to a decline in
plant diversity, nor does it change species asynchrony.
Productivity in dry years does not increase with N addi-
tion. However, in wet years, annual species abundance
increases more in the N addition treatment. Hence, N
fertilization increases the responsiveness of productivity
to rainfall driven by a plastic response of annual species.
This pattern became stronger over the seven years of N
additions, likely because of increased seed production
and an increase in the annual seedbank (Fig. 3).

STABILITY OF ARID GRASSLAND PRODUCTIVITY

1783

Consistent with our results, several other studies in
arid grasslands also found that species diversity is not
the primary factor influencing the stability of productiv-
ity (Sankaran and McNaughton 1999, Grime et al.
2000, Bai et al. 2004). These studies identified compen-
satory interactions among dominant species (Grime
1998, Sasaki and Lauenroth 2011) or among functional
groups, in particular between annuals and perennials
(Bai et al. 2004) as mechanisms influencing community-
level stability. Grman et al. 2010 also found that human-
driven disturbances such as N fertilization can shift
community composition towards species with shorter
lifespans and greater seed production. Whereas the
response of the plant community in our study was driven
by annual species, different mechanisms may drive a sim-
ilar response in other arid grasslands.

Temporal stability of productivity in wet vs. arid
grasslands

Here, we propose a different conceptual framework
for the temporal stability of productivity in arid grass-
lands (Fig. 4). In wet grasslands (Fig. 4a) most years are
relatively wet (gray area) and occasional climate fluctua-
tions result in dry years, i.e., droughts (Tilman and
Downing 1994). During the “normal” wet years, nutrient
additions increase productivity, enhancing competition
for light, which in turn decreases plant diversity and spe-
cies asynchrony. As a result of nutrient additions, this
decreased plant diversity and species asynchrony
increases the sensitivity to climate fluctuations. Hence, a
sharper decline in productivity occurs in dry years with
nutrient additions (Haddad et al. 2002).

In arid grasslands (Fig. 4b), a “normal” year is rela-
tively dry (gray area) and water limits productivity.
Therefore, there is no increase in productivity with nutri-
ent enrichment. Consequently, nutrient enrichment does
not affect light competition or any other competitive
interactions among plant species, resulting in unchanged
plant diversity. In wet years, the productivity in both
control and fertilized treatments increases. However,
because arid grasslands are nutrient-limited (Huston
1997) rather than water-limited in wet years, nutrient
enrichment more strongly increases productivity
compared to the control (Hooper and Johnson 1999).
Furthermore, arid grasslands can contain a large pool of
annual plant species that depend on germination cues
linked to the timing and amount of precipitation. These
species are opportunistic in their development and
growth patterns (Beatley 1974, Yan et al. 2015). Vegeta-
tion composition differs in wet years because of differ-
ences in the abundance of annual species. Within arid
ecosystems, annual species can be a strong driver of how
such ecosystems respond to climate fluctuations. How-
ever, because such annual species retreat to the soil seed
bank in subsequent frequent dry years, such nutrient-
induced vegetation changes disappear in the short term,
and patterns of diversity may not capture this storage
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Fic. 3. Cover of the most abundant (a) annual species and (b) perennial species in control (C) and nitrogen addition (N) treat-
ments. Data are presented as mean + SE (n = 24) for each year from 2007 through 2014. *P < 0.05; **P < 0.01; and ***P < 0.001.
[Color figure can be viewed at wileyonlinelibrary.com]
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Fic. 4. Conceptual diagram of primarily nutrient limited vs. primarily water limited productivity in grasslands. (a) In wet grass-
lands, most years are relatively wet (gray area) and occasional climate fluctuations result in dry years. Because of the reduced diver-
sity from nutrient enrichment, in a dry year there is a steeper decline in productivity resulting in decreased stability. (b) In arid
grasslands, a “normal” year is relatively dry (gray area), productivity is water limited, and nutrient enrichments does not change
productivity. However, because of the response from annual species, in a wet year there is a steeper increase in productivity resulting
in decrease stability via a different mechanism than in wet grasslands. [Color figure can be viewed at wileyonlinelibrary.com]
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effect of annuals. Thus, ecosystems where annuals are an
important component of diversity and productivity
behave much differently than ecosystems dominated by
perennials (Isbell et al. 2015, Craven et al. 2016). Longer
term, increased seed production may lead to a greater
representation of annual species in fertilized grasslands.

In summary, with nutrient enrichment, the temporal
stability of productivity decreases in both wet and arid
grasslands. However, the underlying mechanisms and
their implications for ecosystem function are very differ-
ent. In wet grasslands, nutrient enrichment increases
productivity in “normal” wet years (Lee et al. 2010);
however, because of the much stronger decrease in pro-
ductivity due to nutrient enrichment in subsequent dry
years (Grime et al. 2000, Haddad et al. 2002), ecosystem
functioning is negatively influenced by nutrient enrich-
ment (Cardinale et al. 2013, Hautier et al. 2014). In con-
trast, in arid grasslands ecosystem functioning is
positively influenced by nutrient enrichment because of
the steeper increase of productivity with increased pre-
cipitation in wet years. Adding a secondary limiting
resource, nitrogen, in a primarily water-limited grassland
decreases ecosystem stability because of increased
responsiveness to annual variability. Thus, how ecosys-
tems respond to resource enrichment depends on
whether the resource enrichment is a primary or
secondary limiting factor for productivity.

ACKNOWLEDGMENTS

This paper was financially supported by the University of
Nebraska, the National Key (Basic) Research Program of
China (2015CB150801, 2016 YFC0500705), the National Natu-
ral Science Foundation of China (31300410), the Program for
Introducing Talents to University (B16011), and the China
Scholarship Council. We thank RaeAnn Powers, Anna Tatarko,
and Yi Yang for field work. We also are grateful to Tamara
Kaup and Cathleen McFadden for comments. J. M. H. Knops
designed the experiment; J. M. H. Knops and J. Wang collected
the data; J. M. H. Knops, J. Wang, and C. E. Brassil analyzed
the data; J. Wang wrote the first draft of the manuscript; and all
authors contributed substantially to revisions.

LiTERATURE CITED

Bai, Y. F., X. G. Han, J. G. Wu, Z. Z. Chen, and L. H. Li. 2004.
Ecosystem stability and compensatory effects in the Inner
Mongolia grassland. Nature 431:181-184.

Beatley, J. C. 1974. Phonological events and their environmental
triggers in Mojave Desert ecosystems. Ecology 55:856-863.
Bezemer, T. M., and W. H. van der Putten. 2007. Ecology: diver-
sity and stability in plant communities. Nature 446:E6-E7.
Borer, E. T., et al. 2014. Herbivores and nutrients control grass-
land plant diversity via light limitation. Nature 508:517-520.
Cardinale, B. J., K. Gross, K. Fritschie, P. Flombaum,
J. W. Fox, C. Rixen, and B. J. Wilsey. 2013. Biodiversity
simultaneously enhances the production and stability of com-
munity biomass, but the effects are independent. Ecology 94:

1697-1707.

Craven, D., F. Isbell, P. Manning, J. Connolly, H. Bruelheide,
A. Ebeling, C. Roscher, J. van Ruijven, A. Weigelt, B. Wilsey,
and C. Beierkuhnlein. 2016. Plant diversity effects on grass-
land productivity are robust to both nutrient enrichment and

STABILITY OF ARID GRASSLAND PRODUCTIVITY

1785

drought. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences 371:20150277.

Daubenmire, R. 1959. A canopy-coverage method of vegetation
analysis. Northwest Science 33:43-64.

Downing, A. L., and M. A. Leibold. 2002. Ecosystem conse-
quences of species richness and composition in pond food
webs. Nature 416:837-841.

Fay, P. A, et al. 2015. Grassland productivity limited by multi-
ple nutrients. Nature Plants 1:15080.

Grime, J. P, V. K. Brown, K. Thompson, G. J. Masters, S. H.
Hillier, I. P. Clarke, et al. 2000. The response of two contrast-
ing limestone grasslands to simulated climate change. Science
289:762-765.

Grime, J. P. 1998. Benefits of plant diversity to ecosystems:
immediate, filter and founder effects. Journal of Ecology
86:902-910.

Grman, E., J. A. Lau, D. R. Schoolmaster, and K. L. Gross.
2010. Mechanisms contributing to stability in ecosystem
function depend on the environmental context. Ecology Let-
ters 13:1400-1410.

Haddad, N. M., D. Tilman, and J. M. H. Knops. 2002. Long-
term oscillations in grassland productivity induced by
drought. Ecology Letters 5:110-120.

Hautier, Y., et al. 2014. Eutrophication weakens stabilizing
effects of diversity in natural grasslands. Nature 508:521-525.

Hector, A., Y. Hautier, P. Saner, L. Wacker, R. Bagchi, J. Joshi,
M. Scherer-Lorenzen, E. M. Spehn, E. Bazeley-White,
M. Weilenmann, and M. C. Caldeira. 2010. General stabiliz-
ing effects of plant diversity on grassland productivity
through population asynchrony and overyielding. Ecology
91:2213-2220.

Hooper, D. U., and L. Johnson. 1999. Nitrogen limitation in
dryland ecosystems: responses to geographical and temporal
variation in precipitation. Biogeochemistry 46:247-293.

Huston, M. A. 1997. Hidden treatments in ecological experi-
ments: re-evaluating the ecosystem function of biodiversity.
Oecologia 110:449-460.

Isbell, F. 1., H. W. Polley, and B. J. Wilsey. 2009. Biodiversity,
productivity and the temporal stability of productivity: pat-
terns and processes. Ecology Letters 12:443-451.

Isbell, F., D. Craven, J. Connolly, M. Loreau, B. Schmid,
C. Beierkuhnlein, et al. 2015. Biodiversity increases the resis-
tance of ecosystem productivity to climate extremes. Nature
526:574-577.

Ives, A. R., and S. R. Carpenter. 2007. Stability and diversity of
ecosystems. Science 317:58-62.

Ives, A. R., K. Gross, and J. L. Klug. 1999. Stability and vari-
ability in competitive communities. Science 286:542-544.

Ives, A. R., J. L. Klug, and K. Gross. 2000. Stability and species
richness in complex communities. Ecology Letters 3:399-411.
Keller, K. H., A. T. Harrison, and L. S. Vescio. 1980. The flora
and sandhills prairie communities of Arapaho prairie, Arthur

county, Nebraska. Prairie Naturalist 65-78.

Knapp, A. K., and M. D. Smith. 2001. Variation among biomes
in temporal dynamics of aboveground primary production.
Science 291:481-484.

Lee, M., P. Manning, J. Rist, S. A. Power, and C. Marsh. 2010.
A global comparison of grassland biomass responses to CO,
and nitrogen enrichment. Philosophical Transactions the
Royal Society B 365:2047-2056.

Loreau, M., and C. Mazancourt. 2013. Biodiversity and ecosys-
tem stability: a synthesis of underlying mechanisms. Ecology
Letters 16:106-115.

Nakagawa, S., and H. Schielzeth. 2013. A general and
simple method for obtaining R? from generalized linear
mixed-effects models. Methods in Ecology and Evolution 4:
133-142.



1786

Papanastasis, V. P. 1999. Grasslands and woody plants in Eur-
ope with special reference to Greece. Grassland Science in
Europe 4:14-24.

Pfisterer, A. B., and B. Schmid. 2002. Diversity-dependent pro-
duction can decrease the stability of ecosystem functioning.
Nature 416:84-86.

Sala, O. E., L. A. Gherardi, L. Reichmann, E. Jobbagy, and D.
Peters. 2012. Legacies of precipitation fluctuations on pri-
mary production: theory and data synthesis. Philosophical
Transactions of the Royal Society of London B: Biological
Sciences 367:3135-3144.

Sankaran, M., and S. J. McNaughton. 1999. Determinants of
biodiversity regulate compositional stability communities.
Nature 401:691-693.

Sasaki, T., and W. K. Lauenroth. 2011. Dominant species,
rather than diversity, regulates temporal stability of plant
communities. Oecologia 166:761-768.

Scheinost, S. A., N. P. Helzer, and M. S. Kuzila. 1995. Soil
Survey of Keith County. Nebraska. Natural Resource

JUNFENG WANG ET AL.

Ecology, Vol. 98, No. 7

Conservation Service, United States Department of Agricul-
ture, Washington, D.C., USA.

Srivastava, D. S., and M. Vellend. 2005. Biodiversity-ecosystem
function research: Is it relevant to conservation? Annual
Review of Ecology, Evolution, and Systematics 36:267-294.

Tilman, D. 1996. Biodiversity: population versus ecosystem sta-
bility. Ecology 77:350-363.

Tilman, D., and J. A. Downing. 1994. Biodiversity and stability
in grasslands. Nature 367:363-365.

Tilman, D., P. B. Reich, and J. M. H. Knops. 2006. Biodiversity
and ecosystem stability in a decade-long grassland experi-
ment. Nature 441:629-632.

Vitousek, P. M., H. A. Mooney, J. Lubchenco, and J. M.
Melillo. 1997. Human domination of earth’s ecosystems.
Science 277:494-499.

Yan, H., C. Z. Liang, Z. Y. Li, Z. L. Liu, B. L. Miao, C. G. He,
et al. 2015. Impact of precipitation patterns on biomass and
species richness of annuals in a dry steppe. PLoS ONE 10:
€0125300.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article at http://onlinelibrary.wiley.com/doi/

10.1002/ecy.1878/suppinfo


http://onlinelibrary.wiley.com/doi/10.1002/ecy.1878/suppinfo
http://onlinelibrary.wiley.com/doi/10.1002/ecy.1878/suppinfo

