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Abstract
Background and aims Precipitation and nitrogen (N)
deposition are predicted to increase in northern China.
The present paper aimed to better understand how dif-
ferent dominant species in semi-arid grasslands in this
region vary in their litter decomposition and nutrient
release responses to increases in precipitation and N
deposition.
Methods Above-ground litter of three dominant species
(two grasses, Agropyron cristatum and Stipa krylovii,

and one forb, Artemisia frigida) was collected from
areas without experimental treatments in a semi-arid
grassland in Inner Mongolia. Litter decomposition was
studied over three years to determine the effects of water
and N addition on litter decomposition rate and nutrient
dynamics.
Results Litter mass loss and nutrient release were faster
for the forb species than for the two grasses during
decomposition. Both water and N addition increased
litter mass loss of the grass A. cristatum, while the
treatments showed no impacts on that of the forb
A. frigida. Supplemental N had time-dependent, posi-
tive effects on litter mass loss of the grass S. krylovii.
During the three-year decomposition study, the release
of N from litter was inhibited by N addition for the three
species, and it was promoted by water addition for the
two grasses. Across all treatments, N and potassium (K)
were released from the litter of all three species, whereas
calcium (Ca) was accumulated. Phosphorus (P) and
magnesium (Mg) were released from the forb litter but
accumulated in the grass litter after three years of
decomposition.
Conclusions Our findings revealed that the litter de-
composition response to water and N supplementation
differed among dominant plant species in a semi-arid
grassland, indicating that changes in dominant plant
species induced by projected increases in precipitation
and N deposition are likely to affect litter decomposi-
tion, nutrient cycling, and further biogeochemical cycles
in this grassland. The asynchronous nutrient release of
different species’ litter found in the present study high-
lights the complexity of nutrient replenishment from
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litter decomposition in the temperate steppe under sce-
narios of enhancing precipitation and N deposition.

Keywords Litter mass loss . Nitrogen deposition .

Nutrient release . Precipitation . Perennial forbs .

Perennial grasses . Temperate steppe

Introduction

Litter decomposition is an important ecological pro-
cess in global carbon (C) and nutrient cycling in
terrestrial ecosystems (Berg and Laskowski 2006).
There is increasing evidence that global change has
important consequences for litter decomposition in
diverse ecosystems (Henry and Moise 2014;
Portillo-Estrada et al. 2016; Walter et al. 2013). For
instance, changes in precipitation regimes could alter
the rates of litter decomposition and nutrient release
by affecting the activities of soil microorganisms
(Schimel et al. 2007). Nitrogen (N) deposition could
influence litter decomposition directly by changing
the activities of soil microorganisms (Liu et al.
2010; Xu et al. 2009) and indirectly by altering litter
quality (Stump and Binkley 1993). Despite the
projected simultaneous increases in precipitation and
N deposition in the temperate steppe in northern Chi-
na, we lack knowledge on how water and N interac-
tively influence the litter decomposition of semi-arid
grassland species.

Inconsistent effects of N deposition on litter decom-
position have been reported (Carreiro et al. 2000;
Hobbie 2005; Prescott 1995), because the N effects
might be modified by plant litter quality (Knorr et al.
2005), the stages of litter decomposition (Hobbie et al.
2012), and climatic factors such as precipitation. In-
creased soil water availability accelerates net N miner-
alization and thus improves soil N availability (Burke
et al. 1997), with positive consequences for litter de-
composition (Xiao et al. 2014). However, increases in
soil water and N availability might have effects on litter
decomposition that differ in both magnitude and direc-
tion, largely due to their contrasting influences on the
soil microbial community (Ma et al. 2016; Wang et al.
2014; Xu et al. 2012a). For example, in a long-term
water and N addition experiment in a semi-arid grass-
land, both soil microbial biomass C and soil microbial
biomass N decreased with N addition but increased with
water addition (Wang et al. 2014). Decomposition rates

can also be reduced by water limitation, due to lower
microbial activity and lower nutrient mobility (Bloor
and Bardgett 2012). Thus, soil water availability could
be a crucial factor mediating the impacts of increased N
availability on litter decomposition (Schimel et al.
2007). Results from these earlier studies suggest that
soil water and N may interact to influence litter decom-
position, at least through their different effects on soil
microorganisms, in the Inner Mongolian semi-arid
grasslands, where both water and N are limited
(Bobbink et al. 2010; Gao et al. 2008). However, exper-
imental investigations from that semi-arid region are
lacking.

Another aspect that should be considered is whether
different species in that semi-arid grassland differ in
their decomposition responses to increasing water and
N availability. Previous studies have indicated that plant
species differ in their rates of litter decomposition be-
cause of interspecific litter chemical composition, such
as concentrations of nutrients and organic compounds
(Carpita 1996; Manning et al. 2008; Smith and Bradford
2003). For example, the difference in litter decomposi-
tion rate between grasses and forbs has been reported at
the regional (Koukoura et al. 2003; Zhu et al. 2016) and
global scale (Cornwell et al. 2008). Different plant spe-
cies respond differently in their litter decomposition
rates to environmental changes such as water addition
(Liu et al. 2006; Schuster 2016) and N addition (Hobbie
2008; Li et al. 2011) in grassland ecosystems. Overall,
these differences in decomposition will inevitably influ-
ence the rate and amount of the release of multiple
nutrients from litter (Hobbie 1996; Seastedt 1984), and
subsequently influence the ecosystem productivity by
changing soil nutrient availability and nutrient limitation
status (Fay et al. 2015).

In the present study, we examined the interactive
effects of plant species, water, and nitrogen on litter
decomposition in semi-arid grasslands of northern Chi-
na (InnerMongolia), where both water and N are limited
(Bai et al. 2010; Niu et al. 2008) but annual precipitation
(Feng et al. 2011; Gao et al. 2008) and atmospheric N
deposition (Bobbink et al. 2010; Liu et al. 2011) are
expected to continue to increase. We aimed to answer
whether and how different dominant species differ in
their litter decomposition rate and nutrient release in
response to increased soil water and N availability in a
semi-arid grassland in northern China. This knowledge
will help us better understand and manage semi-arid
grassland ecosystems in a changing world.
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Materials and methods

Study site and experimental design

The study site (116°17′E and 42°02′N, elevation 1324m
a.s.l.) is located in Duolun County, a semi-arid area in
Inner Mongolia, China. Mean annual precipitation is
379 mm and mean annual temperature is 2.1 °C, with
mean monthly temperatures ranging from −17.5 °C in
January to 18.9 °C in July. The growing season for the
plant community is from April to October. Dominant
plant species in the studied grassland include one forb
species, Artemisia frigidaWilld., and two grass species,
Agropyron cristatum (L.) Gaertn. and Stipa krylovii
Roshev, which account for 30.6%, 15.9% and 12.6%
of the total community aboveground biomass, respec-
tively (Xu et al. 2010). At the beginning of the present
study, the three species had a mean total coverage of
41% and the grassland community had a mean total
plant cover of 65%. Leaves of the two grass species
Agropyron cristatum and Stipa krylovii are completely
yellow by the middle of September, and the forb Arte-
misia frigida is one month later. The soil type is chestnut
according to Chinese classification or Calcis-orthic
Aridisol according to the US Soil Taxonomy classifica-
tion (Xu et al. 2012b).

The experiment followed a split-plot experimental
design with a replication of seven blocks. Each block
(107 m × 8 m) was divided into two main plots for
water treatments (ambient precipitation and water
addition). Each main plot was divided into six 8 m ×
8 m subplots. Each of the six subplots was randomly
assigned to no nutrient addition or treatment with 5,
10 or 15 g N m−2 yr.−1, 10 g P m−2 yr.−1, or the
combination of 10 g N + 10 g P m−2 yr.−1. The water
addition plots received 15 mm of additional water
weekly by sprinkling irrigation during the growing
season between June and August (a total of 180 mm
of additional water, approximately +50% of the annul
natural rainfall) starting in 2005. Nitrogen (urea) and
P (superphosphate) were applied to subplots, half in
early May and the other half in late June, every year
starting in 2005 (Xu et al. 2012b).

Litter decomposition experiment

Four of the treatments listed above, i.e. control (C), 10 g
N m−2 yr.−1 (N), water addition (W), and combined
water and N (10 g N m−2 yr.−1) addition (WN), were

used in the present study. In late October 2011, the
senescent above-ground tissues still attached to the three
dominant species, including two bunchgrasses
(Agropyron cristatum, Stipa krylovii) and one forb spe-
cies (Artemisia frigida), were collected in non-treated
grassland outside the experimental blocks. After air-
drying the material until a constant mass was reached,
15 g litter of each species was placed into a separate
25 cm × 20 cm polyethylene litterbag (mesh size 1 mm).
The litterbags were then placed in the treatment plots
mentioned above. A total of 252 litterbags (3 plant
species × 4 treatments × 7 replicates × 3 sampling dates)
were fixed to the ground surface with metal pins to
prevent movement caused by wind. Ten sub-samples
of litter of each species were oven-dried at 70 °C for
48 h at the time of initial deployment to determine the
ratio between air-dried mass and oven-dried mass,
which was used to convert the initial air-dried mass of
litter into oven-dried mass. Litterbags were retrieved 1,
2, and 3 years after the initial deployment. The visible
animals (e.g. earthworms, mature insects and larvae of
insects) and extraneous mineral matter were removed
from the litter residues. The retrieved litter samples were
then oven-dried at 70 °C for 48 h to determine the
remaining dry mass.

Chemical analysis

Concentrations of elements (C, N, P, K, Ca, Mg) and
non-structural carbohydrates (NSC) were analyzed
for initial litter and litter during the decomposition
process. After determining the dry mass, litter of
each plant species was ground to pass a 100 mesh
size for chemical analysis. Total C and N concentra-
tions of samples were analyzed using a C/N analyzer
(Vario Micro cube, Germany). Total P concentra-
tions were determined following the ammonium mo-
lybdate method after nitric acid and perchloric acid
(2:1) digestion (Kuo 1996). The concentrations of
K, Ca and Mg were determined using an atomic
absorption spectrophotometer (AA6800, Shimadzu,
Japan) after digestion in a mixture of nitric and
perchloric acids. NSC is defined here as the sum
of soluble sugars and starch (Li et al. 2002). NSC
was determined spectrophotometrically (ultraviolet-
visible spectrophotometer 752S, Cany Precision In-
struments Co., Ltd., Shanghai, China) at 620 nm
using the anthrone method, as described in detail
in Li et al. (2013).
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Statistical analysis

The normality of the distribution and the homogeneity
of the data were checked (Kolmogorov-Smirnov-Test)
before any statistical analyses. Data that did not meet
this condition were log/sqrt-transformed prior to analy-
ses to normalize their distributions. The mass loss rate
((1-final dry mass/initial dry mass) ×100%) or nutrient
release ((1-final nutrient content/initial nutrient content)
×100%) were calculated as the amount of litter mass or
nutrients lost as a percent of the total initial litter mass or
nutrient concentration (Baker et al. 2001). Four-way
ANOVAs with a split-plot design were employed to test
the effects of water, nitrogen, species, time, and their
interactions on mass loss and nutrient release from litter.
Significant differences among species identities and
sampling times were found for all parameters; therefore,
we additionally used three-way ANOVAs with a split-
plot design to test the effects of water, nitrogen, time and
their interactions on litter mass loss and nutrient release
for each species separately. Two-way ANOVAs with a
split-plot design were used to explore the responses of
mass loss and nutrient release to water and N addition
for each species on each sampling date. One-way
ANOVAs with Duncan’s multiple range tests were used
for comparisons of initial litter chemistry among differ-
ent plant species with a significance level of P < 0.05.
Data analyses were performed using procedures in
SPSS 16.0 (SPSS, Inc., Chicago, IL, U.S.A.).

Results

Initial litter chemistry

Out of the three species investigated, the forb A. frigida
had the highest initial concentrations of C, N, P, K, Ca
and Mg (all P < 0.05, Table 1). Similar N levels for

A. frigida and S. krylovii was an exception. The two
grasses,A. cristatum and S. krylovii, had similar P, K, Ca
and Mg concentrations, but the latter had higher levels
of C and N than the former (both P < 0.05, Table 1). The
initial C/N ratio of A. cristatum litter was much higher
than that of A. frigida and S. krylovii litter (P < 0.05,
Table 1).

Mass and NSC loss

Dry mass loss of litter significantly differed among plant
species and decomposition times (both P < 0.001, Ta-
ble 2, Fig. 1a-c). After the three-year decomposition
period, on average across the treatments, the mass loss
did not differ between S. krylovii (46.9%) and
A. cristatum (43.4%), but it was significantly higher
for A. frigida (51.2%) (P < 0.05, Fig. 1a-c). Water
addition significantly increased litter mass loss across
all the species and times (P = 0.016, Table 2), though the
effect varied among species (significant interaction be-
tween water treatment and species, P = 0.003, Table 2).
Water addition increased the mass loss of A. cristatum
litter, by 58.6% after one year, 37.4% after two years
and 16.1% after three years (Fig. 1a), but did not affect
mass loss of S. krylovii and A. frigida litter (Fig. 1b-c).
Nitrogen addition increased the mass loss of litter
(P < 0.001, Table 1), with a significant effect for
A. cristatum (P = 0.001) and S. krylovii (P = 0.007)
and a marginally significant effect for A. frigida
(P = 0.061; Table S1, Fig. 1a-c). Across the three species
and times, there was no significant interactive effect
between water and N addition treatment on litter mass
loss (P = 0.087, Table 2).

Non-structural carbohydrates (NSC), the labile com-
ponents of litter mass, responded significantly to N
addition and plant species (both P < 0.001, Table 2).
Nitrogen addition significantly promoted the loss of
NSC for litter of all three species (all P < 0.001, Table 2,

Table 1 Initial nutrient concentrations in litters of Agropyron cristatum, Stipa krylovii and Artemisia frigida

Species C (mg/g) N (mg/g) P (mg/g) K (mg/g) Ca (mg/g) Mg (mg/g) C/N ratio

A.cristatum 444.73 ± 0.72c 6.29 ± 0.15b 0.29 ± 0.02b 2.70 ± 0.10b 2.32 ± 0.18b 0.42 ± 0.02b 70.98 ± 1.64a

S. krylovii 450.14 ± 0.64b 8.89 ± 026a 0.33 ± 0.02b 3.06 ± 0.15b 2.56 ± 0.11b 0.59 ± 0.01b 50.91 ± 1.58b

A. frigida 460.87 ± 0.75a 8.78 ± 0.23a 0.90 ± 0.03a 8.46 ± 0.14a 4.20 ± 0.16a 0.99 ± 0.03a 52.72 ± 1.32b

Mean values (± 1 SE, n = 7) are given. Different letters within a single column indicate significant differences among the three species at
P < 0.05
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Fig. 2a-c). No significant effects of water addition on
NSC loss were detected (P = 0.302, Table 2). The loss of
NSC occurred rapidly during the first two years of
decomposition, with ~80% of initial litter NSC lost for
each species (Fig. 2a-c). However, NSC loss was much
slower during the third year, with less than 10% of the

initial litter NSC lost for each of the three species
(Fig. 2a-c).

Nutrient concentrations

The concentrations of N, Mg and Ca increased over time
for litter from each of the three species. Phosphorus
concentrations increased over time in A. cristatum and
S. krylovi litter but decreased in A. frigida litter (Fig. 3).
The concentrations of K decreased quickly for A. frigida
litter but were relatively stable for A. cristatum and
S. krylovi litter over the three years of decomposition
(Fig. 3g-i). Nitrogen addition consistently increased N
concentrations in litter of all three species (all P < 0.001,
Fig. 3a-c), while water addition decreased N concentra-
tions in litter of the two grasses during the decomposition
process (P = 0.011 and 0.033, respectively, Fig. 3a-b).
The concentrations of Ca in A. cristatum and S. krylovii
litters increased with water addition (by 115.5% and
54.5%, respectively, both P < 0.001) and N addition
(by 34.6% and 19.4%, respectively, both P < 0.01) after
three years of decomposition (Fig. 3m-n). Artemisia
frigida litter nutrient concentrations were less sensitive
to treatments, except that N concentration was affected
by N addition (P < 0.001, Fig. 3c).

Nutrient release and immobilization

Both water and N addition significantly affected the N
and Ca release from litter (all P < 0.05, Table 2). How-
ever, neither water nor N addition affected the P, K and
Mg release from litter (all P > 0.05, Table 2). Species
identity interacted significantly with water or N addition
to affect N, Ca and P release from litter (all P < 0.01,
Table 2), except there was not a significant interactive
effect between N addition and species on Ca release
(P = 0.11, Table 2). Nitrogen addition inhibited litter N
release for all three species after three years of decom-
position, by 139.3% for A. cristatum, 84.9% for
S. krylovii and 34.8% for A. frigida (all P < 0.001,
Table S1). Both water and N addition inhibited litter
Ca release for the two grasses, by 234.9% and 55.3%,
respectively, for A. cristatum, and by 83.3% and 49.3%,
respectively, for S. krylovii (all P < 0.05, Table S1,
Fig. 4m-n), but neither water nor N addition had a
significant effect on Ca release for the forb litter
(P = 0.196 and 0.625, respectively, Table S1, Fig. 4o).
There were significant interactive effects between water
and N addition on the P, K and Mg release from the

Fig. 1 Effects of water and N addition on the mass loss rate of
Agropyron cristatum, Stipa krylovii and Artemisia frigida litter
during a 3-year decomposition period. Vertical bars represent
standard errors (n = 7). Squares, control (C); circles, addition of
10 g N m−2 yr.−1 (N); regular triangles, water addition (W);
inverted triangles, water plus nitrogen addition (WN). Results of
two-way ANOVAs with a split-plot design for each sampling date
are shown. The symbols * and × indicate significant (P < 0.05)
main effects of water and nitrogen addition, respectively

Fig. 2 Effects of water and N addition on the loss of non-
structural carbohydrates (NSC) from Agropyron cristatum, Stipa
krylovii and Artemisia frigida litter during a 3-year decomposition
period. Squares, control (C); circles, addition of 10 g N m−2 yr.−1

(N); regular triangles, water addition (W); inverted triangles, water
plus nitrogen addition (WN). Vertical bars represent standard
errors (n = 7). Results of two-way ANOVAs with a split-plot
design for each sampling date are shown. The symbols * and ×
indicate significant (P < 0.05) main effects of water and nitrogen
addition, respectively
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Fig. 3 Effects of water and N addition on the concentrations of N,
P, K, Ca and Mg in Agropyron cristatum, Stipa krylovii and
Artemisia frigida litter during a 3-year decomposition period.
Squares, control (C); circles, addition of 10 g N m−2 yr.−1 (N);

regular triangles, water addition (W); inverted triangles, water plus
nitrogen addition (WN). Vertical bars represent standard errors
(n = 7). The symbols * and × indicate significant (P < 0.05) main
effects of water and nitrogen addition, respectively
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Fig. 4 Effects of water and N addition on the release of N, P, K,
Ca and Mg in Agropyron cristatum, Stipa krylovii and Artemisia
frigida litter during a 3-year decomposition period. Squares, con-
trol (C); circles, addition of 10 g N m−2 yr.−1 (N); regular triangles,

water addition (W); inverted triangles, water plus nitrogen addition
(WN). Vertical bars represent standard errors (n = 7). The symbols
* and × indicate significant (P < 0.05) main effects of water and
nitrogen, respectively
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litters (all P < 0.001, Table 2). Significant interactive
effects between species identity and time on nutrient
release were found (all P < 0.01, Table 2), except for
the case of N release (P = 0.81, Table 2).

Nutrient release from litter differed significantly
among plant species and times (all P < 0.001, Table 2).
After three years of decomposition, the nutrient release
from the forb litter A. frigida was faster than that from
the two grass litters (all P < 0.05, Fig. 5). Across all
treatments, N and K of litter from the three species were
released over time; in contrast, Ca was immobilized
during the three-year decomposition study (Fig. 5). Both
P and Mg were immobilized over time for A. cristatum
and S. krylovii litter, whereas they were released over
time for A. frigida (Fig. 5).

Discussion

Interspecific differences in mass loss and nutrient
release

Our results clearly showed that there were significant
discrepancies in litter mass loss and nutrient release
among the three species across the environmental treat-
ments and decomposition duration (time). Significantly
more mass loss and nutrient release were found for litter
of the forb A. frigida compared with litter of two grasses
(Figs. 1 and 5), which is in line with the finding from a
meta-analysis that forbs decompose much faster than

graminoids (Cornwell et al. 2008) because of higher
nutrient concentrations. In general, the initial N concen-
tration and C/N ratio have been considered as the major
factors controlling litter decomposition (Aerts 1997;
Cornwell et al. 2008). In our study, the faster mass loss
of A. frigida litter than that of A. cristatum litter could be
attributed to the higher N level and lower C/N ratio of
A. frigida (Table 1). However, this was not the case for
A. frigida and S. krylovii (the similar N level, Table 1)
where higher concentrations of other nutrients (such as
P, K, Ca and Mg, Table 1) contributed to the faster mass
loss of A. frigida litter. This is in line with previous
findings that multiple litter macronutrients play a prom-
inent role in regulating litter decomposition, for example
litter Ca and Mg (Makkonen et al. 2012) and P, K, Ca
and Mg (Yue et al. 2016) in forest ecosystems, litter Ca
and Mg in two ecosystems across five biomes (García-
Palacios et al. 2016), and litter N, P, K, Ca and Mg on a
global scale (Zhang et al. 2008). In addition,
A. cristatum and S. krylovii, which contain more fibrous
structural elements, decomposed much slower than
A. frigida. Plant species control their litter decomposi-
tion rate by changing both the quality and the amount of
litter. In the present study, the three species studied
together account for 59% of the total aboveground bio-
mass and 63% of the total aboveground cover in this
ecosystem. Therefore, the variation in decomposition
rate among the three dominant species highlights the
role of species identity in driving litter decomposition
and nutrient cycles in this semi-arid grassland.

Fig. 5 The release of N, P, K, Ca
and Mg from Agropyron
cristatum, Stipa krylovii and
Artemisia frigida litter during a 3-
year decomposition period. Each
data point represents the average
over all treatments. Values
(Mean ± SE, n = 7) with different
letters are significantly different
(P < 0.05)
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Interspecific response of mass loss to water and N
addition

Water and N addition were expected to accelerate litter
decomposition by supplying soil microbes with more
soil water (increased by 30.4%, data not shown) and soil
inorganic N (increased by 21.7%, data not shown) in
this semi-arid grassland. In our study, significant in-
creases in N concentration for litter from all three plant
species were found under N addition, and the mass loss
was stimulated significantly by water and N addition
(Table 2; Fig. 1). In contrast to our results, most previous
studies showed that litter decomposition was negatively
influenced by N addition due to the suppression of
ligninolytic enzymes (Carreiro et al. 2000; Hobbie
et al. 2012). Indeed, another study carried out at the
same experimental site in the year 2013 (the second
year of our litter decomposition experiment) showed
that activities of the main lignin-decomposing enzymes,
such as polyphenol oxidase (−23.8%) and peroxidase
(−26.6%) were significantly decreased by N addition
(Yang S, unpublished data), which might negatively
influence the mass loss rate at later decomposition
stages. In this study, however, litter decomposition was
at the early to middle stage of the whole litter decom-
position process because the mean mass loss across all
three litters was only 24.5% to 36.8% after two years,
and 43.4% to 51.2% after three years of decomposition.
The early stages of litter decomposition could be accel-
erated by N deposition due to high concentrations of
labile carbohydrates relative to N concentrations (Berg
and Matzner 1997). In our study, most labile compo-
nents (almost 80%) of the initial NSC were decomposed
within the first two years (Fig. 2), indicating that the
initial NSC could meet the C demand of soil microbes.
Additionally, the absence of water or N effects on litter
mass and NSC loss in the third year of decomposition
might imply the start of recalcitrant compound decom-
position. Moreover, environmental variables such as
increased water and N availability may have little
influence on the decomposition of recalcitrant com-
ponents, which is consistent with findings from a
previous study that significant warming and N addi-
tion effects on Bromus inermis and Poa pratensis
mass loss were observed within the first years of
treatment but disappeared thereafter in an old-field
grassland (Henry and Moise 2014).

In the present study, litter mass loss for A. cristatum
and S. krylovii was more sensitive to water and N

addition than that for A. frigida, indicating that environ-
mental factors might have a small effect on the decom-
position of litter with higher quality. Similarly, results
from a meta-analysis showed that the responses of litter
decomposition to N depositionmight be partly regulated
by litter quality (Knorr et al. 2005). Furthermore, such
divergent responses at the inter-specific level might
highlight the joint role of environmental factors, litter
quality and soil microorganisms in determining litter
decomposition. Additionally, the mass loss of litter from
A. frigida is faster than that of litter from A. cristatum
and S. krylovii. Our previous studies in the same exper-
iment showed that increases in water and N availability
could change species composition of the plant commu-
nity, and the dominant species contributed the most to
such changes (Xu et al. 2012b, c). Together, these find-
ings suggest that changes in precipitation and N depo-
sition may strongly alter nutrient replenishment from
litter decomposition and biogeochemical cycles in this
semi-arid grassland by changing species composition.

The asynchrony of nutrient release

We found unsynchronized nutrient release during the
three-year decomposition period, with the most rapid
loss for K, followed by N, P and Mg, and the most
accumulation of Ca (Fig. 5). A potential implication
underlying this unsynchronized release is the conver-
sion from single-element limitation to multi-nutrient
limitation for plant growth, which has already been
proposed elsewhere (Chapin et al. 1986; Fornara et al.
2013; Fay et al. 2015).

The increased N release from the litter of grasses
following water addition indicates that increases in pre-
cipitation contribute to rapid soil N replenishment. On
the other hand, water addition could also increase the
risk of soil N loss by leaching. Water addition signifi-
cantly increased Ca immobilization in grass litter, which
may be attributed to increased soil Ca concentration
(+39%) by water addition in this semi-arid grassland
(Cai JP, unpublished data) and to the strong demand of
soil microbes to decompose recalcitrant compounds,
since the initial Ca concentrations were lower for the
litter of grasses than for forb litter. However, the release
of P, K and Mg was less sensitive to the environmental
changes. The variable response of nutrient release (N, P,
K, Mg and Ca) to increased water and N availability
during decomposition could have important conse-
quences for soil nutrient supply and therefore for the
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nutrient availability for plants. Our results thus suggest
that long-term increases in precipitation and N deposi-
tion are likely to lead to changes in soil nutrient supply
and availability due to an asynchrony of nutrient release
of different species’ litter in this semi-arid grassland. For
example, our previous findings in the same experiment
site showed that long-term N addition could result in
nutrient limitation conversion from N limitation to P
limitation for the two grasses A. cristatum and
S. krylovii (Wang et al. 2017).

Conclusions

We found that litter decomposition and its responses to
increases in water and N availability varied greatly
across the three dominant species in the semi-arid grass-
land. The slower mass loss and nutrient release of
A. cristatum and S. krylovii litter suggest their potential
role in maintaining the long-term soil nutrient supply.
The faster mass loss and nutrient release of A. frigida
litter indicate the importance of this species in quickly
replenishing soil nutrients, but it may also increase the
risk of nutrient loss from its litter. The different magni-
tude of the responses of litter from the three dominant
species to environmental variations indicates that the
changes in species composition induced by global
changes might indirectly impact biogeochemical cycles
in this semi-arid grassland. Our results also highlight the
need for long-term studies to deepen our understanding
of general patterns of litter decomposition processes
under global change.
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