
REGULAR ARTICLE

Hierarchical responses of plant stoichiometry to nitrogen
deposition and mowing in a temperate steppe

Xu Han & Seeta A. Sistla & Yun-Hai Zhang &

Xiao-Tao Lü & Xing-Guo Han

Received: 8 January 2014 /Accepted: 16 May 2014 /Published online: 27 May 2014
# Springer International Publishing Switzerland 2014

Abstract
Background and aims Stoichiometric relations drive
powerful constraints on many ecosystem processes.
However, our understanding of the hierarchical re-
sponses of plant C:N:P stoichiometry at different levels
of biological organization to global change factors re-
mains limited.
Methods we examined the plant C:N:P stoichiometric
responses to N deposition and mowing (hay making) at
both species- and community-level by carrying out a 4-
year field experiment in the temperate steppe of northern
China.
Results Our results showed that N addition and mowing
resulted in higher plant N concentrations, lower C:N,

and higher N:P at both species- and community-level.
Mowing had a limited negative influence on the effects
of N addition. We observed divergent responses of both
plant P concentrations and C:P to N addition at species-
level and community-level: N addition led to higher
plant P and lower C:P at species-level, but this effect
was not observed at the community-level.
Conclusions Our results indicate that stoichiometric re-
sponses at community-level to N addition and mowing
diverge from more traditionally examined species-
specific responses. Our results suggest that the hierar-
chical responses of plant stoichiometry to anthropogenic
disturbance deserves more attention when we model the
interactions of terrestrial ecosystem C, N, and P cycling
under scenarios of increasing N availability concomi-
tantly occurring with active land management.

Keywords C:N:P.Mowing . Hay-making . Ecological
stoichiometry . Ecosystem functioning . Litter quality .

Nitrogen deposition . Semiarid grassland

Introduction

Anthropogenically driven increases in reactive nitrogen
(N) availability greatly influence ecosystem structure
and function (Galloway et al. 2008; Peñuelas et al.
2012). Because the majority of terrestrial ecosystems
are N-limited (LeBauer and Treseder 2008), N deposi-
tion is expected to enhance plant growth and thus pri-
mary productivity (Elser et al. 2007; Harpole et al.
2011). The positive effects of N deposition on primary
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productivity, however, are stoichiometrically governed
by the relative availability of other elements, such as
phosphorus (P) (Peñuelas et al. 2012; Vitousek et al.
2010), as well as ecosystemmanagement practices, such
as defoliation due to mowing (for hay production) or
grazing in the grasslands (Gruner et al. 2008; Ziter and
MacDougall 2012). Plant C:N:P stoichiometry plays an
important role in mediating many ecological processes
through its effects on plant growth and substrate quality
for organisms at other trophic levels (Koerselman and
Meuleman 1996; Mooshammer et al. 2011). Conse-
quently, it is critical to understand the responses of both
individual plant species and whole communities to in-
creasing N availability in managed landscapes under an
ecological stoichiometry framework.

While N deposition typically results in higher foliar
N concentrations and lower C:N ratios in plant tissues
(Henry et al. 2005; Lü et al. 2012a; Sardans and
Peñuelas 2012), large uncertainties remain about the
effects of N deposition on foliar P concentrations and
N:P ratios. Positive (Menge and Field 2007), neutral (Lü
et al. 2012a), even negative (Rowe et al. 2008) effects of
N deposition on plant tissue N:P have been reported,
partly due to variation in both species-specific response
to fertilization and in the amount of N being added in
different studies. This variable response reflects that N
deposition may promote conservative P use and thus
higher N:P due to growth dilution effect (Perring et al.
2008), while under P-limiting conditions, N deposition
may increase soil P availability and plant P uptake
(Fujita et al. 2010) by increasing P-mineralizing phos-
phatase activity (Marklein and Houlton 2012). The bal-
ance between those two processes would lead to vari-
able response patterns of plant N:P to nitrogen addition.
Plant N:P status is considered an indicator for nutrient
limitation of plant growth and primary productivity
(Güsewell 2004; Koerselman and Meuleman 1996).
However, whether increasing N deposition would result
in consistent changes of N or P limitation status at both
species and ecosystem levels remains an open question.

The impacts of increasing N availability on stoichio-
metrically regulated ecosystem functions will be further
modulated by ecosystem management strategies. Mow-
ing, which removes the majority of current-year above-
ground biomass (and thus the nutrients contained within
those plant tissues from the system), is a widely prac-
ticed grassland management strategy across the world
(Giese et al. 2013; Klumpp et al. 2011). Mowing is
associated with both positive and negative effects on

plant nutrient status, depending on management inten-
sity, history, and species identity (Hiernaux and Turner
1996; Mikola et al. 2009). Mowing may enhance plant
nutrient status by stimulating the growth of newly pro-
duced leaves; the impacts of mowing on tissue chemis-
try can be much stronger than that of nutrient addition
(Ziter and MacDougall 2012). Persistent mowing can
also reduce plant N contents by negatively affecting soil
nutrient availability through the chronic removal of litter
(Turner et al. 1993). Further, the effects of mowing on
plant nutrients and element stoichiometry can vary with
site productivity (Robson et al. 2007).

Both N deposition and mowing can significantly
influence grassland community composition through
their impacts on nutrient availability (Collins et al.
1998; Isbell et al. 2013). Differential responses of indi-
vidual plant species due to their inherent variation in
nutrient use strategies may result in alteration of com-
petitive interactions and dominance patterns, and subse-
quently changes of plant community structure and com-
position (Klanderud and Totland 2005; Yang et al.
2011). Consequently, the plant-stoichiometry-mediated
effects of N deposition and mowing on ecosystem pro-
cesses will depend not only on element ratio changes at
the species-level, but also at the community-level (e.g.
biomass effects, altered species composition). Most nat-
ural ecosystems are species diverse and species-specific
stoichiometric responses to disturbances such as N de-
position and mowing are widely reported (Lü et al.
2012b; Sardans et al. 2012). While it is hypothesized
that the transition from species-level stoichiometric re-
sponses to the community-level is a key threshold when
considering the effects of global change factors on eco-
system function (Sistla and Schimel 2012), the empirical
evidence is rather scarce. Instead, research has histori-
cally focused solely on species-level responses of plant
stoichiometry to global change factors, with few studies
identifying the connections between species- and
community-level stoichiometric responses to change
(Sardans and Peñuelas 2012).

Interactions between greater N availability and mow-
ing may cause variable effects on plant stoichiometry at
both the species and community scales, complicating
our understanding of the interactive effects of global
change factors and ecosystem management strategies
on plant-soil systems. This study was designed to iden-
tify species- and community-level C:N:P stoichiometric
responses to N addition and mowing in a temperate
steppe of Inner Mongolia, northern China. The
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perennial C3-dominated grassland ecosystems in north-
ern China are experiencing increasing N deposition (Liu
et al. 2011) and have been traditionally used for hay-
making, with consequences for community composition
and ecosystem functioning (Bai et al. 2010). The main
aims of this study were: (1) to examine whether mowing
would impact the responses of plant C:N:P ratios to N
deposition, and (2) to investigate whether community-
level C:N:P responses to N addition and mowing paral-
lel that of species-level stoichiometric responses to these
disturbances.

Materials and methods

Study site and experimental setup

This study was conducted near the Inner Mongolia
Grassland Ecosystem Research Station (IMGERS,
116°14’E, 43°13’N), which is located in Xilin River
Basin, Inner Mongolia, northern China. The topography
of this experimental area is flat, with elevations ranging
from 1,255–1,260 m. The mean annual temperature is
0.9 °C, with mean monthly temperatures ranging from
−21.4 °C in January to 19.7 °C in July for 1983–2012.
Long-term mean annual precipitation is 355 mm, with
60–80% falling during the growing season fromMay to
August. The soil is classified as Calcic-Orthic Aridisol
(USDA soil classification). The plant community is co-
dominated (>60 % aboveground biomass) by Leymus
chinensis (Trin.) Tzvel. and Stipa grandis P. Smirn.

This study was conducted in a subsection of an N
deposition experiment, which has beenmaintained since
2008. There are four treatments (Control, N addition,
Mowing, N addition + Mowing) with ten replicates for
each treatment, for a total of 40 8 m×8 m plots. The
study is arranged in a completely randomized block
design, with each plot separated by a 1 m buffer. Nitro-
gen was added as purified NH4NO3 (>99%), with a rate
of 10 g N m−2 years−1. The ambient atmosphere N
deposition is estimated at 1–2 g N m−2 years−1 in this
region (Liu et al. 2011). Tomirror the seasonal pattern of
natural N deposition, half of the Nwasmixed with water
(9.0 L), and then was sprinkled evenly using a sprayer to
plot in June (wet deposition), the other half was mixed
with sand (the sand was sieved to 1 mm in size, hydro-
chloric acid dipped, purified water washed and then
heated at 120 °C for 24 h in an oven), and then spread
by hand in November (dry deposition) each year. We

estimated that less than 1 mm of water was added to the
N addition plots. Plots under the mowing treatments
were mowed with a mower about 10 cm above the soil
surface at the end of September each year. All the litter
was removed to the edge of each plot after mowing.

Field sampling and chemical analysis

Aboveground plants were sampled in mid August 2011
by clipping all plants above the soil surface using a
0.5 m×2m quadrat, which was randomly placed in each
plot (at least 50 cm inside each plot to avoid edge
effects). All living vascular plants were sorted to spe-
cies, oven-dried at 65 °C for 48 h, weighed and then
finely ground in a ball mill. Nutrient analyses were
completed on the seven dominant plant species in the
system: one perennial rhizome grass, Leymus chinensis
(L.c.), five perennial bunchgrasses, Stipa grandis (S.g.),
Agropyron cristatum (A.c.), Achnatherum sibiricum
(A.s.), Cleistogenes squarrosa (C.s.), Koeleria cristata
(K.c.), and one sedge Carex korshinskii (C.k.) (Bai et al.
2004). Together, these species accounted for 65–100 %
of the total aboveground biomass in all plots. Total C
content was determined using a H2SO4-K2Cr2O7 oxida-
tion method (Lü et al. 2012b). Total N concentrations
were determined colorimetrically by the Kjeldahl acid-
digestion method with an Alpkem auto-analyzer
(Kjektec System 1026 distilling unit, Sweden) after
extraction with sulfuric acid. Total P concentration was
measured by persulfate oxidation followed by colori-
metric analysis (Kuo 1996).Mass ratios of C:N, C:P and
N:P are used here to facilitate comparisons with previ-
ous studies (Güsewell 2004; Sardans et al. 2012).

Data calculation and statistical analysis

To calculate the community-level nutrient concentra-
tions for each plot, the sum of total nutrient contents of
the seven dominant species in each plot were divided by
the sum of their total aboveground biomass. Conse-
quently, nutrient concentration at community-level in
this study is defined as the biomass-weight concentra-
tions (instead of an average of nutrient concentrations)
of all dominant species in the community. Community
C, N, and P pools were calculated for each plot, based
on the biomass and element concentration of each spe-
cies presented in the plot.

Data were tested for normality using the
Kolmogorov-Smirnov test and for equality of error
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variance using Levene’s test. When necessary, data were
natural log transformed to meet the assumption of nor-
mal distribution of data and homogeneity of variances.
Four-way ANOVAs with species identity, N addition,
mowing as the fixed factors and block as random factor
were performed to examine the main and interactive
effects on foliar nutrient concentrations, C:N:P ratios,
and aboveground biomass at species-level. For those
parameters at community-level, three-way ANOVA
with N addition and mowing as the fixed factors and
block as random factor were performed. Non-significant
interactions were removed from the analysis. A Tukey
HSD post hoc test was used to test for significant dif-
ferences between treatments following the ANOVA
(p<0.05). All the analyses were conducted with SPSS
v13.0 (SPSS, Chicago, Illinois, USA).

Results

Species-level stoichiometric responses

There were significant differences of nutrient concen-
trations and stoichiometric ratios among the seven spe-
cies (Table 1; Figs. 1 and 2). N addition did not affect
plant C concentration in any species, but increased
average plant N concentrations by 35 % and thus de-
creased C:N by 28 % for all species (Table 1; Figs. 1a, b
and 2a). Nitrogen addition and species identity
interacted to affect plant P concentrations and C:P (Ta-
ble 1). Nitrogen addition significantly increased plant P
and decreased C:P in A.s., A.c., and C.k. (Figs. 1c and
2b). Across all species, N addition enhanced plant N:P
by 12.2 % (Table 1, Fig. 2c). Nitrogen addition in-
creased plant N:P in L.c., C.s., K.c., and S.g. (Fig. 2c),
as reflected by the significant N addition and species
identity interaction on N:P (Table 1).

Across all the species, mowing significantly in-
creased plant C and N concentrations (by 1.2 % and
13.2 %, respectively) and decreased C:N (by 13.3 %)
(Table 1). Mowing and N addition interacted to affect
plant N concentrations, in that the effects of mowing
were much stronger under N enriched conditions than
ambient N conditions (Fig. 1b). There was no effect of
mowing on plant P concentrations. Nitrogen addition
and mowing significantly enhanced plant N:P for all
species except K.c. (Table 1; Fig. 2c). Nitrogen addition
and mowing interacted to affect plant N concentration,

C:N, and N:P (Table 1). Mowing alone increased plant
N:P in A.c., S.g., and C.k. (Fig. 2c).

Species- and community-level biomass responses
to treatments

Nitrogen addition significantly increased total plant bio-
mass C, N, and P pools by 27.5 %, 76.2 %, and 44.4 %,
respectively, whereas mowing did not impact plant C,
N, or P pool at community-level (Table 2, Fig. 3). The
growth responses of main individual species to N addi-
tion and mowing were idiosyncratic (Fig. 4). N addition
enhanced the biomass of S.g. by 59.7 %. Mowing
doubled C.s. biomass and increased the biomass of
C.k. by 80 % (Fig. 4). No other treatment effects on
species-specific aboveground biomass were observed,
with the combination of N addition and mowing miti-
gating the species-specific growth responses observed
in the individual treatments.

Community-level stoichiometric responses

Neither N addition nor mowing significantly affected
plant C concentrations, P concentrations, or C:P at

Table 1 Results (F-value) of four-way ANOVAs on the effects of
block (B), species identity (S), nitrogen addition (N), mowing (M)
and their interactions on plant nutrient variables and stoichiometric
ratios at species-level

%C %N %P C:N C:P N:P

B 15.9*** 30.1*** 2.5 10.6*** 0.4 7.2**

S 9.2*** 5.1*** 9.0*** 5.1*** 11.6*** 12.4***

N 0.4 334.0*** 45.0*** 236.3*** 38.6*** 46.2***

M 4.3* 45.4*** 2.6 42.2*** 2.1 47.0***

N × M 1.7 16.9*** 0.6 22.9*** 0.1 7.2**

N × S 1.2 1.9 2.7* 1.9 2.3* 3.8***

M × S 0.5 1.0 1.5 1.3 1.1 1.7

N × M
× S

0.5 0.7 1.8 0.9 1.5 1.0

*p<0.05; **p<0.01; ***p<0.001

Fig. 1 The effects of nitrogen addition and mowing (C, control;
N, nitrogen addition; M, mowing; NM, both N addition and
mowing) on plant carbon a, nitrogen b, phosphorus c
concentrations of seven dominant species. Data are shown as
means +1 SE. Letters indicate results of Tukey’s HSD posthoc
test of significant difference between treatments; bars that share
the same letter are not significantly different (p<0.05)

�
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community-level. N addition, mowing, and their com-
bination all increased N concentration at the
community-level (by up to 50 % in the N addition
treatment) and decreased community-level C:N (by up
to 33 % in the N addition treatment), with no significant
difference observed between the N addition treatments
(Table 2, Fig. 5a,b). All treatments significantly en-
hanced community N:P from 27.1 % (mowing only) to
36.8 % (N addition treatments) (Table 2; Fig. 5c).

Discussion

Characterizing the effects of anthropogenic perturbation
on plant stoichiometric relationships is critical to accu-
rately projecting the consequences of these disturbances
on ecosystem functions. Moving beyond the traditional
focus on species-level stoichiometric responses to anthro-
pogenic disturbance, this study also identified stoichio-
metric changes at the community-level. We found that
C:N:P ratios at species- and community-level showed
both convergent and divergent responses to N addition
and mowing. For plant N concentrations, C:N, and N:P,
the effects of N addition andmowingwere similar at both
the species- and community-level. This convergence re-
flects the largely consistent responses of plant N and C:N
in different species to N addition and mowing. In con-
trast, the effects of N addition on plant P concentrations
and C:P varied across different organization levels.When
analyzed at species-level, N addition increased plant P

concentrations and decreased C:P ratios. In contrast, N
addition did not affect those two variables at community-
level, suggesting that while P-limitation may be alleviat-
ed with increasing N availability for certain species, P-
limitation may be exacerbated at the community level.

The asynchronous responses of P concentrations and
biomass to N addition across individual species appear
to be a primary driver of the divergent responses of plant
P stoichiometry to N addition at species- and
community-level. The positive effects of N addition on
plant P concentrations and the negative effects on plant
C:P only occurred in three out of the seven species (A.s.,
A.c., C.k.; Figs. 1c and 2b); however, N addition did not
impact the growth of those species. In contrast, N addi-
tion stimulated the growth of S.g., while having no
affect on its P stoichiometry. Therefore, N deposition
would alter plant stoichiometry at community-level both
directly through physiological changes (i.e. changes of
nutrient concentrations in plant tissues), and indirectly
through alteration of community composition. As such,
changes in community composition with increasing ac-
tive N availability may have significant implications for
community-level plant stoichiometry. Furthermore, our
observation that N addition altered N-related stoichio-
metric ratios at both species- and community-level,
while changing only species-level P-related ratios,
gives further evidence for the hypothesis of Ågren and
Weih (2012) that different elements respond differently
at the different scales. This study demonstrates robust
evidence for the varied responses of plant stoichiometry
between the species- and community-scales to environ-
mental variation.

The seven dominant grassland species studied varied
greatly with respect to nutrient concentrations and
C:N:P stoichiometric ratios. We found that N addition
significantly stimulated the growth of a bunchgrass,
S.g., and increased total plant C and N pools,

�Fig. 2 The effects of nitrogen addition and mowing (C, control;
N, nitrogen addition; M, mowing; NM, both N addition and
mowing) on plant stoichiometric ratios, C:N a, C:P b, N:P c of
seven dominant species. Data are shown as means +1 SE. Letters
indicate results of Tukey’s HSD posthoc test of significant
difference between treatments; bars that share the same letter
are not significantly different (p<0.05)

Table 2 Results (F-value) of three-way ANOVAs on the effects of block (B), nitrogen addition (N), mowing (M) and their interactions on
biomass-weighed carbon, nitrogen, and phosphorus concentrations (%C, %N, P%), their pools in plant biomass (g m−2) and stoichiometric
ratios at community-level

%C %N %P C pool N pool P pool C:N C:P N:P

B 3.4 9.7** 0.1 0.9 4.9* 0.5 2.3 0.0 3.3

N 0.0 96.6*** 4.0 17.8*** 74.9*** 20.5*** 71.8*** 3.5 29.4***

M 2.2 19.4*** 0.1 0.4 1.3 0.9 16.5*** 0.3 13.3***

N × M 3.4 4.2* 0.3 0.9 2.2 0.8 6.1* 0.0 1.5

*p<0.05; **p<0.01; ***p<0.001

Table 2 Results (F-value) of three-way ANOVAs on the effects of
block (B), nitrogen addition (N), mowing (M) and their interactions
on biomass-weighed carbon, nitrogen, and phosphorus

concentrations (%C, %N, P%), their pools in plant biomass
(g m−2) and stoichiometric ratios at community-level
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Fig. 3 The effects of nitrogen addition and mowing (C, control; N,
nitrogen addition;M, mowing; NM, bothN addition and mowing) on
aboveground community carbon, nitrogen, and phosphorus content.

Data are shown as means +1 SE. Letters indicate results of Tukey’s
HSD posthoc test of significant difference between treatments; bars
that share the same letter are not significantly different (p<0.05)
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corresponding to a decline in community-level C:N and
increase in N:P. Supporting previous studies suggesting
that mowing is a strong driver for community composi-
tion in grassland ecosystems (Collins et al. 1998), we
found that mowing facilitated the growth of the low-
stature species, C.k. and C.s., which decreased
community-level C:N and increased N:P (to a lesser
extent than the N addition treatments). Intriguingly, the
combination of mowing and N addition did not signif-
icantly alter community composition, although it did
reduce community-level C:N status. Given the large
interspecific variation in C:N:P ratios as found in this
study, N deposition and mowing exert non-linear effects
on community stoichiometric ratios by changing com-
munity composition as well as species-specific C:N:P
ratios.

Nitrogen addition increased plant N concentrations
for all the seven species. It is well documented that
increasing N availability leads to higher plant N status
(Kozovits et al. 2007; Lü et al. 2012a; Rowe et al. 2008).
A recent meta-analysis (Xia andWan 2008) showed that
plant N concentrations were increased on average by
28.5 % across 456 terrestrial plant species following N-
fertilization. Moreover, our results indicate that more N
will be immobilized in plant biomass under N enrich-
ment in this ecosystem, as N addition significantly en-
hanced community biomass and plant N storage in this
ecosystem. This phenomenon, however, was mitigated
when N addition was combined with mowing. The
enhancement of community-level plant N pool in re-
sponse toN addition indicates that the quality of herbage
will increase with increased N availability in the tem-
perate steppe. From a grassland management

perspective, N fertilization at an appropriate rate would
facilitate the animal husbandry in this area.

Our observation that N addition enhanced plant P
status at species-level is consistent with previous find-
ings (Lü et al. 2013). Notably, the positive effects of N
addition on plant P concentrations were only significant
in three (A.s., A.c., and C.k.) out of seven species in this
study, indicating a species-specific responses of plant P
to increased N availability. There are several pathways
through which N addition would lead to increased P
concentrations in plants. First, increased N availability
could stimulate the activity of P mineralizing enzymes
in soils and on plant roots (Marklein and Houlton 2012).
Phosphatase enzymes play an important role in mobi-
lizing P from ester-bonded forms (Fujita et al. 2010).
The enhancement of phosphatase activities would pro-
vide more phosphate ions for plant uptake and assimi-
lation. N addition may also increase the root coloniza-
tion of P-acquiring arbuscular mycorrhizal fungi in
grassland ecosystems, especially systems characterized
by low soil P availability (Blanke et al. 2012; Egerton-
Warburton et al. 2007; Johnson et al. 2003). Plants can
also up-regulate the production of root-localized P-
carrier enzymes to fulfill increased P-demand under N
enrichment (Treseder and Vitousek 2001).

Achnatherum sibiricum is heavily infected by fungal
endophytes, which could significantly improve acid
phosphatase activity under N enriched conditions (Li
et al. 2012). However, none of those three species
showed positive responses of N addition with respect
to aboveground biomass, indicating the possibility of
luxury P use (Menge and Field 2007) for those species
following N enrichment. The divergent responses of P

Bi
om

as
s (

g 
m

-2
)

M: P < 0.05

M: P < 0.05

N: P < 0.05

Fig. 4 The effects of nitrogen
addition and mowing (C, control;
N, nitrogen addition;M, mowing;
NM, both N addition and
mowing) on aboveground
biomass of seven dominant
species. Data are shown as means
+1 SE. Letters indicate results of
Tukey’s HSD posthoc test of
significant difference between
treatments; bars that share the
same letter are not significantly
different (p<0.05)
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Fig. 5 The effects of nitrogen addition and mowing (C, control; N,
nitrogen addition;M, mowing; NM, bothN addition andmowing) on
plant nitrogen concentrations a, C:N b, N:P c at community-level.

Data are shown as means +1 SE. Letters indicate results of Tukey’s
HSD posthoc test of significant difference between treatments; bars
that share the same letter are not significantly different (p<0.05)
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concentrations among different plant species to N addi-
tion also imply a plant-mediated mechanism through
which the micro-scale heterogeneity of soil nutrient
status may be maintained under scenarios of increased
soil N availability. Nitrogen addition also enhanced
plant P uptake as indicated by the significant increase
of plant biomass P pool at community-level after N
enrichment. Increases of P requirement following in-
creased N availability may alter nutrient limitation status
for plant growth from N- to P-limitation (Vitousek et al.
2010).

Although both N and P concentrations in plant bio-
mass were enhanced by N addition, plants increased N
to a much greater degree than P as reflected by the
increasing N:P ratios following N addition. Our results
suggest that greater N availability has the potential to
shift the nutrient limitation status towards greater P-
limitation, though plant P status positively responded
to N addition. Furthermore, the community-level
biomass-weighed N:P ratios were significantly en-
hanced by N addition, indicating a robust and positive
effect of N addition on community-level N:P in this
temperate steppe. Together, our results suggest that the
plant community of this temperate steppe ecosystem
would tend to be limited by P availability with increased
soil N availability resulting from both atmospheric N
deposition and global warming (stimulating soil N turn-
over) (Ma et al. 2011).

We found that plant N concentrations were signifi-
cantly enhanced after being mown annually for four
years. In contrast, plant P status remained constant irre-
spective mowing or not. Consequently, mowing drove
higher plant N:P ratios across all the seven species,
indicating the potential for increasing P-limitation under
this land management strategy. Positive effects of mow-
ing on shoot N status have been reported in other studies
(Green and Detling 2000; Mikola et al. 2009). Several
mechanisms have been suggested to account for the
elevated N concentrations under mowed conditions;
plants would allocate more N to their regrowing shoots
after defoliation (Mikola et al. 2009) or mowing may
also enhance soil N availability by facilitating soil mi-
crobial N-mineralization (Hamilton and Frank 2001).
While the underlying mechanism remains unclear, our
results suggest that N and P in plant tissues would show
divergent responses to mowing in this semiarid
grassland.

We hypothesize that this divergence may be caused
by differences in the N and P cycling patterns. Soil N

transformation is a soil microbe mediated processes that
is affected by abiotic factors such as water availability
(Aerts and Chapin 1999). In contrast, P mineralization is
largely a chemical processes (Aerts and Chapin 1999).
The observed neutral effects of mowing on community-
level biomass-weighed P and positive effects on
community-level N:P indicate that mowing may pro-
mote plant P limitation in this ecosystem, which would
be expected to have negative consequences for
sustained haymaking. The potential P-limitation follow-
ing continuously annual mowing as indicated by the
changes of N:P ratios at both species- and community-
level would be a particularly important consideration for
forage production in the temperate steppe of China,
where plant communities already tend to be P-limited
(Han et al. 2005).

One of our main aims was to examine whether
mowing would impact the responses of plant stoichi-
ometry to N deposition. Our results indicate that N
addition and mowing significantly interact to affect
shoot N status, C:N, and N:P. These observations
highlight the importance of identifying how concur-
rently occurring global change factors and land man-
agement strategies affect nutrient biogeochemical cy-
cles in grasslands and other ecosystems. The effects of
mowing were generally much stronger in ambient
conditions than in N enriched conditions, indicating
that the role of mowing is limited in mediating the
effects of N addition on plant C:N ratios. Similarly,
A.s. and C.k. expressed the highest N:P ratios in the
treatment with both N addition and mowing. Long-
term annual mowing and biomass removal may de-
crease soil N availability (Turner et al. 1993). Conse-
quently, it is reasonable to expect that mowing would
partly counteract the effects of N addition on N-related
stoichiometric ratios in plant tissues. Our results, how-
ever, suggest that the effects of N addition on grass-
land plant C:N:P stoichiometric ratios are only mar-
ginally affected by 4 years of mowing. This study
highlights that the effects of N deposition on nutrient
concentrations and stoichiometric ratios in plant tissues
is of concern, even in the grasslands under continuous
biomass removal and consequently nutrient losses.
Given the expected globally increasing atmospheric
N deposition in the coming decades (Galloway et al.
2008), its potentially negative effects on biogeochem-
ical cycling and community composition deserve more
attention, even in heavily-used ecosystems, such as the
temperate steppe of northern China.
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In conclusion, the divergent responses of species-
and community-level nutrient concentrations and stoi-
chiometric ratios highlight a hierarchical response of
plant C:N:P stoichiometry to environmental changes.
Our results suggest that the community-level stoichio-
metric responses to anthropogenic disturbance would
not be simply mirrored by what is happening at
species-level. Rather, plants at both the species- and
community-level are stoichiometrically flexible in their
response to N addition at different scales. The hierarchi-
cal responses of plant P-related variables to N addition
should be given full consideration in modeling the in-
teractions of terrestrial C, N, and P cycles under the
scenarios of global change. Moreover, we found limited
effects of mowing in mediating the effects of N on plant
stoichiometry, indicating the effects of increased N
availability would be still of concern even in continu-
ously harvested ecosystems.

Acknowledgments We thank the staff in the Inner Mongolia
Grassland Ecosystem Research Station (IMGERS) for facilitating
this study. We gratefully acknowledge Xiaoliang Wang, Jianjun
Chen, Yingjie Dong, Meilan Li, Yuqin Zong, Hongying Li,
Minglu Rong, Baorong Cui for field and laboratory works, two
anonymous reviewers for their constructive comments and sug-
gestions. This study was supported by National Natural Science
Foundation of China (41273094, 31170433, and 41173086), the
State Key Laboratory of Vegetation and Environmental Change
(LVEC-2012kf08), and the State Key Laboratory of Forest and
Soil Ecology (LFSE2013-13), and Strategic Priority Research
Program of the Chinese Academy of Sciences (XDB15010403).
Authors declared no conflict of interests.

References

Aerts R, Chapin III FS (1999) The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. In: Fitter
AH, Raffaelli DG (eds) Advances in Ecological Research.
Academic Press

Ågren GI, Weih M (2012) Plant stoichiometry at different scales:
element concentration patterns reflect environment more than
genotype. New Phytol 194:944–952

Bai YF, Han XG, Wu JG, Chen ZZ, Li LH (2004) Ecosystem
stability and compensatory effects in the Inner Mongolia
grassland. Nature 431:181–184

Bai YF, Wu JG, Clark CM, Naeem S, Pan QM, Huang JH, Zhang
LX, Han XG (2010) Tradeoffs and thresholds in the effects of
nitrogen addition on biodiversity and ecosystem functioning:
evidence from inner Mongolia Grasslands. Glob Chang Biol
16:358–372

Blanke V, Bassin S, Volk M, Fuhrer J (2012) Nitrogen deposition
effects on subalpine grassland: the role of nutrient limitations
and changes in mycorrhizal abundance. Acta Oecol 45:57–65

Collins SL, Knapp AK, Briggs JM, Blair JM, Steinauer EM
(1998) Modulation of diversity by grazing and mowing in
native tallgrass prairie. Science 280:745–747

Egerton-Warburton LM, Johnson NC, Allen EB (2007)
Mycorrhizal community dynamics following nitrogen fertil-
ization: a cross-site test in five grasslands. Ecol Monogr 77:
527–544

Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS,
Hillebrand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE
(2007) Global analysis of nitrogen and phosphorus limitation
of primary producers in freshwater, marine and terrestrial
ecosystems. Ecol Lett 10:1135–1142

Fujita Y, Robroek BJM, De Ruiter PC, Heil GW, Wassen MJ
(2010) Increased N affects P uptake of eight grassland spe-
cies: the role of root surface phosphatase activity. Oikos 119:
1665–1673

Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z,
Freney JR, Martinelli LA, Seitzinger SP, Sutton MA (2008)
Transformation of the nitrogen cycle: recent trends, ques-
tions, and potential solutions. Science 320:889–892

Giese M, Brueck H, Gao YZ, Lin S, Steffens M, Kögel-Knabner I,
Glindemann T, Susenbeth A, Taube F, Butterbach-Bahl K,
Zheng XH, Hoffmann C, Bai YF, Han XG (2013) N balance
and cycling of inner Mongolia typical steppe: a compre-
hensive case study of grazing effects. Ecol Monogr 83:
195–219

Green RA, Detling JK (2000) Defoliation-induced enhancement
of total aboveground nitrogen yield of grasses. Oikos 91:
280–284

Gruner DS, Smith JE, Seabloom EW, Sandin SA, Ngai JT,
Hillebrand H, Harpole WS, Elser JJ, Cleland EE, Bracken
MES, Borer ET, Bolker BM (2008) A cross-system synthesis
of consumer and nutrient resource control on producer bio-
mass. Ecol Lett 11:740–755

Güsewell S (2004) N: P ratios in terrestrial plants: variation and
functional significance. New Phytol 164:243–266

Hamilton EW, Frank DA (2001) Can plants stimulate soil mi-
crobes and their own nutrient supply? Evidence from a
grazing tolerant grass. Ecology 82:2397–2402

Han WX, Fang JY, Guo DL, Zhang Y (2005) Leaf nitrogen and
phosphorus stoichiometry across 753 terrestrial plant species
in China. New Phytol 168:377–385

Harpole WS, Ngai JT, Cleland EE, Seabloom EW, Borer ET,
Bracken MES, Elser JJ, Gruner DS, Hillebrand H, Shurin
JB, Smith JE (2011) Nutrient co-limitation of primary pro-
ducer communities. Ecol Lett 14:852–862

Henry HAL, Cleland EE, Field CB, Vitousek PM (2005)
Interactive effects of elevated CO2, N deposition and climate
change on plant litter quality in a California annual grassland.
Oecologia 142:465–473

Hiernaux P, Turner MD (1996) The effect of clipping on growth
and nutrient uptake of Sahelian annual rangelands. J Appl
Ecol 33:387–399

Isbell F, Reich PB, Tilman D, Hobbie SE, Polasky S, Binder S
(2013) Nutrient enrichment, biodiversity loss, and conse-
quent declines in ecosystem productivity. Proc Natl Acad
Sci U S A 110:11911–11916

Johnson NC, Rowland DL, Corkidi L, Egerton-Warburton LM,
Allen EB (2003) Nitrogen enrichment alters mycorrhizal
allocation at five mesic to semiarid grasslands. Ecology 84:
1895–1908

186 Plant Soil (2014) 382:175–187



Klanderud K, Totland Ø (2005) Simulated climate change altered
dominance hierarchies and diversity of an alpine biodiversity
hotspot. Ecology 86:2047–2054

Klumpp K, Tallec T, Guix N, Soussana J-F (2011) Long-term
impacts of agricultural practices and climatic variability on
carbon storage in a permanent pasture. Glob Chang Biol 17:
3534–3545

KoerselmanW, Meuleman AFM (1996) The vegetation N:P ratio:
a new tool to detect the nature of nutrient limitation. J Appl
Ecol 33:1441–1450

Kozovits AR, Bustamante MMC, Garofalo CR, Bucci S, Franco
AC, Goldstein G, Meinzer FC (2007) Nutrient resorption and
patterns of litter production and decomposition in a
Neotropical Savanna. Funct Ecol 21:1034–1043

Kuo S (1996) Phosphorus. In: Bridgham JM (ed) Methods of Soil
Analysis, Part 3. ASA and SSSA, Madison, pp 869–919

LeBauer DS, Treseder KK (2008) Nitrogen limitation of net
primary productivity in terrestrial ecosystems is globally
distributed. Ecology 89:371–379

Liu XJ, Duan L, Mo JM, Du EZ, Shen JL, Lu XK, Zhang Y, Zhou
XB, He CN, Zhang FS (2011) Nitrogen deposition and its
ecological impact in China: an overview. Environ Pollut 159:
2251–2264

Lü XT, Kong DL, Pan QM, Simmons ME, Han XG (2012a)
Nitrogen and water availability interact to affect leaf
stoichiometry in a semi-arid grassland. Oecologia 168:
301–310

Lü XT, Lü FM, Zhou LS, Han X, Han XG (2012b) Stoichiometric
response of dominant grasses to fire and mowing in a semi-
arid grassland. J Arid Environ 78:154–160

Lü XT, Reed S, Yu Q, He NP, Wang ZW, Han XG (2013)
Convergent responses of nitrogen and phosphorus resorption
to nitrogen inputs in a semiarid grassland. Glob Chang Biol
19:2775–2784

Ma LN, Lü XT, Liu Y, Guo JX, Zhang NY, YANG JQ, Wang RZ
(2011) The Effects of Warming and Nitrogen Addition on
Soil Nitrogen Cycling in a Temperate Grassland,
Northeastern China. PLoS ONE 6:e27645

Marklein AR, Houlton BZ (2012) Nitrogen inputs accelerate
phosphorus cycling rates across a wide variety of terrestrial
ecosystems. New Phytol 193:696–704

Menge DNL, Field CB (2007) Simulated global changes alter
phosphorus demand in annual grassland. Glob Chang Biol
13:2582–2591

Mikola J, Setälä H, Virkajärvi P, Saarijärvi K, Ilmarinen K, Voigt
W, Vestberg M (2009) Defoliation and patchy nutrient return
drive grazing effects on plant and soil properties in a dairy
cow pasture. Ecol Monogr 79:221–244

Mooshammer M, Wanek W, Schnecker J, Wild B, Leitner S,
Hofhansl F, Blöchl A, Hämmerle I, Frank AH, Fuchslueger
L, Keiblinger KM, Zechmeister-Boltenstern S, Richter A
(2011) Stoichiometric controls of nitrogen and phosphorus
cycling in decomposing beech leaf litter. Ecology 93:770–
782

Peñuelas J, Sardans J, Rivas-ubach A, Janssens IA (2012) The
human-induced imbalance between C, N and P in Earth's life
system. Glob Chang Biol 18:3–6

Perring MP, Hedin LO, Levin SA, McGroddy M, de Mazancourt
C (2008) Increased plant growth from nitrogen addition
should conserve phosphorus in terrestrial ecosystems. Proc
Natl Acad Sci U S A 105:1971–1976

Robson TM, Lavorel S, Clement JC, Roux XL (2007) Neglect of
mowing and manuring leads to slower nitrogen cycling in
subalpine grasslands. Soil Biol Biochem 39:930–941

Rowe EC, Smart SM, Kennedy VH, Emmett BA, Evans CD
(2008) Nitrogen deposition increases the acquisition of phos-
phorus and potassium by heather Calluna vulgaris. Environ
Pollut 155:201–207

Sardans J, Peñuelas J (2012) The role of plants in the effects of
global change on nutrient availability and stoichiometry in
the plant-soil system. Plant Physiol 160:1741–1761

Sardans J, Rivas-Ubach A, Peñuelas J (2012) The C:N:P stoichi-
ometry of organisms and ecosystems in a changing world: a
review and perspectives. Perspect Plant Ecol Evol Syst 14:
33–47

Sistla SA, Schimel JP (2012) Stoichiometric flexibility as a regu-
lator of carbon and nutrient cycling in terrestrial ecosystems
under change. New Phytol 196:68–78

Treseder KK, Vitousek PM (2001) Effects of soil nutrient avail-
ability on investment in acquisition of N and P in Hawaiian
rain forests. Ecology 82:946–954

Turner CL, Seastedt TR, Dyer MI (1993) Maximization of above-
ground grassland production: the role of defoliation frequen-
cy, intensity, and history. Ecol Appl 3:175–186

Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010)
Terrestrial phosphorus limitation: mechanisms, implications,
and nitrogen-phosphorus interactions. Ecol Appl 20:5–15

Xia JY, Wan SQ (2008) Global response patterns of terres-
trial plant species to nitrogen addition. New Phytol 179:
428–439

Yang HJ, Li Y, Wu MY, Zhang Z, Li LH, Wan SQ (2011) Plant
community responses to nitrogen addition and increased
precipitation: the importance of water availability and species
traits. Glob Chang Biol 17:2936–2944

Ziter C, MacDougall AS (2012) Nutrients and defoliation increase
soil carbon inputs in grassland. Ecology 94:106–116

Plant Soil (2014) 382:175–187 187


	Hierarchical responses of plant stoichiometry to nitrogen deposition and mowing in a temperate steppe
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study site and experimental setup
	Field sampling and chemical analysis
	Data calculation and statistical analysis

	Results
	Species-level stoichiometric responses
	Species- and community-level biomass responses to treatments
	Community-level stoichiometric responses

	Discussion
	References


