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ABSTRACT

Plant growth in semi-arid ecosystems is usually severely limited by soil nutrient avail-
ability. Alleviation of these resource stresses by fertiliser application and aboveground
litter input may affect plant internal nutrient cycling in such regions. We conducted a
4-year field experiment to investigate the effects of nitrogen (N) addition
(10 g N�m�2�year�1) and plant litter manipulation on nutrient resorption of Leymus
chinensis, the dominant native grass in a semi-arid grassland in northern China.
Although N addition had no clear effects on N and phosphorus (P) resorption efficien-
cies in leaves and culms, N fertilisation generally decreased leaf N resorption profi-
ciency by 54%, culm N resorption proficiency by 65%. Moreover, N fertilisation
increased leaf P resorption proficiency by 13%, culm P resorption proficiency by 20%.
Under ambient or enriched N conditions, litter addition reduced N and P resorption
proficiencies in both leaves and culms. The response of P resorption proficiency to lit-
ter manipulation was more sensitive than N resorption proficiency: P resorption profi-
ciency in leaves and culms decreased strongly with increasing litter amount under
both ambient and enriched N conditions. In contrast, N resorption proficiency was
not significantly affected by litter addition, except for leaf N resorption proficiency
under ambient N conditions. Furthermore, although litter addition caused a general
decrease of leaf and culm nutrient resorption efficiencies under both ambient and
enriched N conditions, litter addition effects on nutrient resorption efficiency were
much weaker than the effects of litter addition on nutrient resorption proficiency.
Taken together, our results show that leaf and non-leaf organs of L. chinensis respond
consistently to altered soil N availability. Our study confirms the strong effects of N
addition on plant nutrient resorption processes and the potential role of aboveground
litter, the most important natural fertiliser in terrestrial ecosystems, in influencing
plant internal nutrient cycling.

INTRODUCTION

Nutrient resorption from senescing tissues is a critical physio-
logical process for plant nutrient conservation (Aerts 1996),
which minimises the dependence of terrestrial plants on soil
nutrient availability and thus has important consequences for
plant growth, reproduction and competitive ability (Killing-
beck 1996; Aerts & Chapin 2000). As one of the key determi-
nants of litter chemistry and litter decomposition, plant
nutrient resorption also significantly influences soil nutrient
cycling in terrestrial ecosystems (Kozovits et al. 2007). Plant
nutrient resorption can be quantified as nutrient resorption
efficiency (percentage of a nutrient withdrawn from green
leaves before leaf abscission; van Heerwaarden et al. 2003a) and
nutrient resorption proficiency (level to which a nutrient is
reduced during senescence; Killingbeck 1996). Up to now, pat-
terns and determinants of plant nutrient resorption have
mostly been investigated in forest ecosystems, and much less is
known for grass species in temperate grasslands.

As atmospheric deposition of biologically active N has
increased dramatically over the past few decades (Galloway

et al. 2004), a number of studies have examined the potential
effects of N deposition on internal plant nutrient cycling (Aerts
et al. 2007; L€u et al. 2011; Wang et al. 2013). There is plenty of
evidence that increased inorganic N supply can have a signifi-
cant impact on both N resorption proficiency and resorption
efficiency in plants (Soudzilovskaia et al. 2007; Huang et al.
2008). However, while plant N resorption proficiency often
shows a clear decreased tendency (Cordell et al. 2001; van He-
erwaarden et al. 2003b; Kobe et al. 2005) as soil N availability
increases both between (Wright & Westoby 2003) and within
species (Richardson et al. 2005; Norris & Reich 2009), the
response of plant N resorption efficiency to altered soil fertility
still seems to be inconsistent: N resorption may remain
unchanged (Chapin & Moilanen 1991; Vitousek 1998; Yuan &
Chen 2009), reduced (Vergutz et al. 2012) or be enhanced
(Birk & Vitousek 1986; Yuan et al. 2005) with increasing sup-
ply of fertiliser in different habitats. On the other hand, it was
gradually recognised that increased N input could cause a shift
from N-limited towards P-limited ecosystems (Meng & Field
2007), which may potentially affect the process of P resorption
in plants. Indeed, there are currently many theories that predict
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N fertilisation should lead to more conservative use of P (e.g.
higher P resorption) in terrestrial ecosystems (L€u et al. 2013).
However, compared to the intensive research on the response
of N resorption to soil N availability, empirical evidence of the
effects of N addition on plant P resorption is still rare (but see
L€u et al. 2013; Mao et al. 2013).
Aboveground litter represents a major process for transfer-

ring nutrients from vegetation to soils, and has long been recog-
nised as the crucial factor in controlling soil nutrient availability
in terrestrial ecosystems (Vitousek 1982; Vitousek & Sanford
1986; Clark et al. 2001). Research conducted in the Netherlands
showed that only 3 years of litter harvesting can decrease the
available soil N by 8%, and cause a reduction in ammonium
and nitrate concentrations of 56% and 31%, respectively (Baar
& ter Braak 1996). Furthermore, Park & Matzner (2003)
reported that 2 years of litter addition led to a 38% increase in
dissolved organic N in a temperate deciduous forest in Bavaria,
Germany. Similarly, long-term litter removal in southern China
resulted in a decrease in total soil N and P of up to 40% and
37%, respectively (Peng et al. 2003). Given these significant
effects of plant litter on soil nutrient availability, it seems rea-
sonable to expect that plant nutrient resorption, which is
assumed to be highly sensitive to soil nutrient status (Eckstein
et al. 1999), might be affected by plant litter manipulation.
Over the past several decades, leaf nutrient resorption has

been thoroughly studied from the molecular to the whole-plant
level. In contrast, whether and to what extent nutrients are re-
sorbed from non-leaf organs such as stems and roots are much
less studied (Freschet et al. 2010). Despite a lack of systematic
studies, there are several lines of evidence suggesting that non-
leaf organs such as grass culms and roots might be an impor-
tant source of nutrients for plant resorption. For example, N
and P resorption efficiencies in plant stems range from 45% to
80% and 55% to 91%, respectively (Aerts & de Caluwe 1989;
Freschet et al. 2010; L€u et al. 2012). Since the non-leaf organs
often account for a large proportion of the total plant biomass
and play an important role in plant nutrient economy in many
terrestrial ecosystems (Ren et al. 2009; Craine et al. 2010),
knowledge of the response of nutrient resorption from non-leaf
organs to soil nutrient availability is of primary importance.
To examine the organ-specific responses of nutrient concen-

trations and nutrient resorption patterns to N addition and
litter manipulation, we examined leaf and culm nutrient con-
centrations of the dominant grass Leymus chinensis in an
N-limited grassland of northern China. We hypothesised that
(i) N fertilisation would not affect leaf and culm resorption effi-
ciencies for either N or P, but would lead to lower leaf and culm
resorption proficiencies for N and higher values for P; and (ii)
under either ambient or enriched N conditions, aboveground
litter addition would decrease both N and P resorption (profi-
ciencies and efficiencies) in leaves and culms, because plant lit-
ter can provide key elements (especially N and P) that plants
need for growth (Kaspari et al. 2008; Sayer & Tanner 2010).

MATERIAL AND METHODS

Study site

The experiment was carried out at the Grassland Ecological
Research Station of Northeast Normal University, Jilin
Province, China (44°450 N, 123°450 E). This site is character-

ised by a semi-arid continental monsoon, with cold dry winters
and warm rainy summers. Annual mean temperature ranges
from 4.6 to 6.4 °C and annual precipitation is 280–400 mm,
with 70% falling in June–August. Annual potential evapotrans-
piration is approximately three times as much as annual pre-
cipitation. The soil is a mixed salt-alkali meadow steppe (Salid
Aridisol, US Soil Taxonomy) with 28.9% sand, 40.1% silt and
31.0% clay (top 10 cm; Zhu 2004). Mean soil bulk density is
1.2 g�cm�3, and soil pH range from 8.5 to 10.0. In the surface
soil horizon (30 cm), soil organic matter content is low (ca.
12 mg�g�1), soil total N content ranges from 2.2 to 2.5 mg�g�1,
and soil total P content ranges from 0.23 to 0.27 mg�g�1 (Ba
et al. 2012). This study site lies in the eastern region of the Eur-
asian steppe zone. The perennial rhizomatous grass Leymus
chinensis is the dominant plant species, accounting for 60–85%
of the total aboveground biomass (Wang & Ba 2008). Other
species include grasses such as Phragmites australis, Calama-
grostis epigejos and Chloris virgata; legumes such as Lespedeza
davurica and Medicago ruthenica; and forbs such as Artemisia
scoparia, A. mongolica and Carex duriuscula. See Zhu et al.
(2012) for details of the site characteristics.

Experimental design

In early May 2009, we established six blocks at the study site,
each consists of six 3 9 4 m plots. Experimental treatments
representing two levels of N (ambient N, enriched N) and three
levels of litter (litter removed – 0L, litter left intact – 1L, litter
added – 2L) were randomly assigned to the six treatment plots
within each block. Blocks were separated by a 2-m walkway
and plots within each block were separated with 1-m buffers.

Nitrogen was applied to the N addition plots as commer-
cial ammonium nitrate fertiliser (NH4NO3) at a rate of
10 g N�m�2�year�1. From 2009 to 2012, the fertiliser was
applied in the rainy days of early May in each year. The N addi-
tion rate was relatively high compared to the sum of agricul-
tural inputs and atmospheric deposition in this region. We
chose this rate of N addition for our experiment to ensure a
large response of plant nutrient resorption, and to mimic the
potential response of this ecosystem to N addition that may
occur in the future. Litter treatments were performed in early
May 2009 and in late October from 2009 to 2012. Plant litter
was removed from the appropriate plots (litter removal plots),
pooled and homogenised, then an average amount added to
the litter addition plots. We performed litter treatments sepa-
rately among the treatments with or without N fertilisation.

Field sampling and measurements

In early August (peak of growing season) 2012, 20 shoots of
L. chinensis with similar stature were randomly selected within
each plot. We harvested ten of these and then collected two fully
expanded leaves (only blades were included) and one corre-
sponding culm (both sheaths and stems were included) per shoot
to measure biomass and nutrient concentrations of these organs.
Another ten shoots were marked with plastic labels, and then two
fully expanded leaves per shoot were tagged with small pieces of
red plastic foil. All tagged organs were harvested after complete
senescence in mid-October, in the same way as the green organs.

To calculate plant nutrient resorption, the tagged senesced
leaves and culms were used, along with their green counterparts.
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All plant samples (both green and senesced leaves and culms)
were oven-dried at 65 °C for 48 h, weighed separately, and then
the average mass per leaf and culm calculated. Plant samples
were ground and stored to measure N and P concentrations.
For each plant sample, 0.1 g subsample was digested with
H2SO4–H2O2, then N concentration (mg�g�1) was measured
using modified Kjeldahl wet digestion with a 2300 Kjektec Ana-
lyzer Unit (FOSS, H€ogan€as, Sweden); P concentration (mg�g�1)
was measured using the molybdenum blue colorimetric
method (Murphy & Riley 1962). Total N or P pool of an indi-
vidual organ (for both green and senesced material) was calcu-
lated from the individual organ weight (g) and its N or P
concentration. Given the mass loss during plant organ senes-
cence, N or P resorption efficiency (NRE or PRE) was calcu-
lated as the ratio of the difference in N or P pool between green
and senesced organ to green organ N or P pool (L€u et al. 2012).
N or P resorption proficiency (NRP or PRP) was quantified as
the senesced organ (both leaves and culms) nutrient concentra-
tion, with lower organ nutrient concentration indicating higher
nutrient resorption proficiency (Killingbeck 1996).

Statistical analysis

All data were tested for normality with the Shapiro–Wilk W
statistic (Shapiro & Wilk 1965); non-normally distributed
parameters were transformed prior to analysis of variance. We
first tested for block effects for all response variables, and found
that there were no significant main effects of blocks and no sig-
nificant interactions between blocks and treatments. Therefore,
the effects of blocks were not considered in this study. Two-
way ANOVA was performed to evaluate the effects of N addition,
litter manipulation and their interaction on nutrient (N and P)
concentrations of green and senesced organs (leaves and cul-
ms), N:P ratio of green leaves and nutrient resorption efficien-
cies of leaves and culms. We conducted t-tests to evaluate
whether N fertilisation influenced these response variables
within each litter treatment. Under either ambient or enriched
N condition, we further conducted Tukey tests to examine the
mean difference of each response variable across the three litter
treatments. All statistical analyses were performed using SPSS

(SPSS 13.0 for Windows; SPSS Inc., Chicago, IL, USA).

RESULTS

Effects of N addition and litter manipulation on green organ
nutrient concentrations

Nitrogen concentrations in green leaves and culms were signifi-
cantly affected by N addition and litter manipulation (Table 1).
Moreover, litter manipulation and the interaction between N
addition and litter manipulation significantly affected green
leaf P concentration, while N addition and litter manipulation
significantly influenced green culm P concentration (Table 1).

Within each litter treatment, N fertilisation strongly
increased N concentration in both green leaves and culms
(Fig. 1A), whereas N fertilisation significantly decreased P
concentration in these two organs, except for green leaf P
concentration in the plots with double litter (Fig. 1B). Gener-
ally, N and P concentrations in both green leaves and culms
increased along the litter gradient (from plots without litter to
plots with double litter; Fig. 1A and B). Under ambient N con-

ditions, green leaf N concentration was lowest in the plots
without litter and highest in the plots with litter left intact
(Fig. 1A); P concentration in green culms was also lowest in
plots without litter, but was highest in plots with double litter
(Fig. 1B). Under enriched N conditions, the plots with double
litter had significantly higher nutrient (N and P) concentra-
tions in both green leaves and culms than the plots without lit-
ter, except for N concentration in green culms (Fig. 1A and B).
The ratio of N:P in green leaves was significantly affected by

N addition (Table 1). Under ambient N conditions, green leaf
N:P ranged from 14 to 15, whereas this value increased to 17–22
under enriched N conditions (Fig. 2). Under ambient N condi-
tions, green leaf N:P did not differ significantly across the three
litter treatments; under enriched N conditions, green leaf N:P
decreased significantly with increasing litter amount (Fig. 2).

Effects of N addition and litter manipulation on senesced
organ nutrient concentrations

Nitrogen concentrations in senesced leaves and culms were
both significantly affected by N addition, while senesced leaf N
concentration was also affected by litter manipulation

Table 1. Results of two-way ANOVA for the effects of nitrogen (N), litter (L)

and their interaction (N 9 L) on nutrient variables and nutrient resorption of

leaves and culms for Leymus chinensis.

leaf culm

F P F P

[N]g

N 71.003 <0.001 86.643 <0.001

L 8.356 <0.001 4.974 0.014

N 9 L 1.336 0.271 2.710 0.083

[P]g

N 2.773 1.106 30.932 <0.001

L 8.263 <0.001 11.670 <0.001

N 9 L 4.859 0.015 0.318 0.730

[N]s

N 66.412 <0.001 104.840 <0.001

L 6.418 0.005 1.534 0.232

N 9 L 0.974 0.389 0.280 0.758

[P]s

N 6.254 0.018 20.000 <0.001

L 33.621 <0.001 10.194 <0.001

N 9 L 4.240 0.024 0.669 0.520

[N]g:[P]g

N 48.406 <0.001 – –

L 2.739 0.081 – –

N 9 L 2.936 0.068 – –

NRE

N 17.435 <0.001 16.345 <0.001

L 1.589 0.221 5.227 0.011

N 9 L 0.241 0.787 4.142 0.026

PRE

N 1.863 0.182 0.302 0.587

L 9.330 <0.001 0.945 0.400

N 9 L 0.363 0.698 0.841 0.441

The F-ratios and their level of significance are presented. [N]g and [P]g repre-

sent N and P concentrations in green organs; [N]s and [P]s represent N and P

concentration in senesced organs; [N]g:[P]g represents N:P in green leaves;

NRE and PRE represent N and P resorption efficiency, respectively.
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(Table 1). On the other hand, N addition and litter manipula-
tion significantly influenced P concentration in both senesced
leaves and culms, while the interaction between litter manipu-
lation and N addition also significantly affected senesced leaf P
concentration (Table 1).
Within each litter treatment, N fertilisation strongly

increased N concentration in both senesced leaves and culms
(Fig. 3A), whereas N addition generally decreased P concentra-
tions in these two organs (Fig. 3B). Similar to nutrient concen-
trations in green organs, N and P concentrations in senesced
leaves and culms also increased along the litter gradient
(Fig. 3A and B). Under ambient N conditions, senesced organ
N and P concentrations in the plots with double litter were sig-
nificantly higher than in the plots without litter, except for N
concentration in senesced culms (Fig. 3A and B). Under
enriched N conditions, N concentration in both senesced
organs did not differ significantly from each other among the
three litter treatments (Fig. 3A). However, P concentrations in
senesced leaves and culms were significantly higher in the plots
with double litter than that in the plots without litter (Fig. 3B).

Effects of N addition and litter manipulation on leaf and culm
nutrient resorption efficiency

Nitrogen resorption efficiency in leaves was significantly
affected by N addition, while N resorption efficiency in culms
was simultaneously affected by N addition, litter manipulation
and their interaction (Table 1). P resorption efficiency in leaves
was only affected by litter manipulation (Table 1).

Within each litter treatment, N fertilisation generally decreased
N resorption efficiencies in leaves and culms (Fig. 4A). However,
there were no clear effects of N fertilisation on leaf and culm P
resorption efficiencies (Fig. 4B). Under ambient N conditions,
leaf N resorption efficiency was highest in the plots without litter,
and lowest in the plots in which litter was left intact (Fig. 4A).
Under enriched N conditions, the plots without litter had signifi-
cantly higher culm N resorption efficiency and leaf P resorption
efficiency than the plots with double litter (Fig. 4A and B). Both
N and P resorption efficiencies in leaves and culms generally
decreased along the litter gradient, expect for culm P resorption
efficiency under ambient N conditions (Fig. 4A and B).

DISCUSSION

Effects of N addition and litter manipulation on nutrient
concentrations of green organs

In our study, N addition significantly increased N concentra-
tions in green leaves and culms of L. chinensis (Fig. 1A). This
result supports the previous suggestion that fertilisation usually
induces positive responses on N concentrations in plant tissues
(L€u et al. 2011; Mao et al. 2013). In contrast, we found that N
fertilisation generally decreased P concentrations in both leaves
and culms (Fig. 1B). In northern Sweden, van Heerwaar-
den et al. (2003b) also reported that N addition (at
10 g N�m�2�year�1) could induce lower green leaf P concentra-
tions in two woody species (Vaccinium uliginosum and Betula
nana) after 4 years of treatment. However, our results are sur-
prisingly inconsistent with the findings of other studies con-
ducted in nearby regions. For example, in a freshwater wetland
of northeast China, Mao et al. (2013) found that leaf and stem
P concentrations for Deyeuxia angustifolia were not affected by
N fertilisation, while N addition (at 12 g N�m�2 year�1) only

A B

Fig. 1. Effects of N (ambient N and enriched N) and litter (litter removal–0L; litter intact–1L and litter addition–2L) on N (A) and P (B) concentrations in green

leaves and clums of Leymus chinensis. Uppercase represent differences within the three litter treatments under ambient N condition, lowercase letters repre-

sent differences within the three litter treatments under enriched N condition, and * indicates significant N effect within each litter treatment (P < 0.05). Error

bars indicate �1 SE.

Fig. 2. Effects of N (ambient N and enriched N) and litter (litter removal–0L;

litter intact–1L and litter addition–2L) on green leaf N:P of Leymus chinensis.

Lowercase letters represent differences within the three litter treatments

under enriched N condition, and * indicates significant N effect within each

litter treatment (P < 0.05). Error bars indicate �1 SE.
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caused a significant decline in P concentration in Glyceria spic-
ulosa stems. In a semi-arid grassland of Inner Mongolia, China,
L€u et al. (2012) showed that N fertilisation (at
17.5 g N�m�2�year�1) can even significantly increase green leaf
P concentration in Achnatherum sibiricum. The exact cause of
the inconsistency between our results and these other studies is
still unclear, but as noted in several previous studies, the
responses of plant tissue P concentrations to N fertilisation
could be related to species identity (van Heerwaarden et al.
2003b), the initial levels of nutrients in the soil (Aerts & Cha-
pin 2000; L€u et al. 2012), N fertilisation rates (L€u et al. 2013)
and even habitat type (Kobe et al. 2005).

Under both ambient and enriched N conditions, litter addi-
tion generally exerted a positive effect on green organ nutrient
concentrations (Fig. 1A and B). In particular, litter addition led
to a significantly higher P concentration in both green leaves
and culms (Fig. 1B). To date, there is limited empirical work
reporting the influence of litter manipulation on plant nutrient
status, and almost no data available to compare to the results
obtained in our studies. We infer that the positive responses of
green organ nutrient concentrations may result from the
increased soil nutrient availability following litter addition.

Foliar N:P ratios have been suggested as good indicators
of nutrient limitation for plants in terrestrial ecosystems
(Koerselman & Meuleman 1996; G€usewell 2004). Koerselman
& Meuleman (1996) suggested that plant growth is limited by
N when the N:P ratio is below 14, is limited by P when the
ratio is above 16, and is co-limited by N and P when the ratio
is between 14 and 16. In our study, green leaf N:P ratios were
between 14 and 16 under ambient N conditions, which sug-
gests that N and P co-limited plant growth (Fig. 2). Under N
enriched conditions, green leaf N:P ratios increased signifi-
cantly and exceeded the critical value of 16, suggesting that
plant growth might be limited by P. More importantly, we
found that litter addition can lead to significantly lower green
leaf N:P ratios under N enriched conditions, which indicates
that aboveground litter could potentially alleviate P limitation
under scenarios of enhanced N deposition.

Effects of N addition and litter manipulation on leaf and culm
nutrient resorption proficiency

In accordance with our hypothesis, N fertilisation causes signif-
icantly lower N resorption proficiency in both leaves and culms

A B

Fig. 3. Effects of N (ambient N and enriched N) and litter (litter removal–0L; litter intact–1L and litter addition–2L) on N (A) and P (B) concentrations in se-

nesced leaves and clums of Leymus chinensis. Uppercase represent differences within the three litter treatments under ambient N condition, lowercase letters

represent differences within the three litter treatments under enriched N condition, and * indicates significant N effect within each litter treatment (P < 0.05).

Error bars indicate �1 SE.

A B

Fig. 4. Effects of N (ambient N and enriched N) and litter (litter removal–0L; litter intact–1L and litter addition–2L) on N (A) and P (B) resorption efficiencies in

leaves and clums of Leymus chinensis. Uppercase represent differences within the three litter treatments under ambient N condition, lowercase letters repre-

sent differences within the three litter treatments under enriched N condition, and * indicates significant N effect within each litter treatment (P < 0.05). Error

bars indicate �1 SE.
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for the dominant grass in temperate grassland (Fig. 3A), which
is consistent with earlier studies in a sub-arctic peat bog (van
Heerwaarden et al. 2003b), oak savanna (Norris & Reich 2009),
freshwater wetland (Mao et al. 2013) and temperate steppe (L€u
& Han 2010). P proficiency in leaves and culms generally
increased under enriched N conditions, except for leaf P profi-
ciency in the plots with double litter (Fig. 3B). As N addition
can stimulate primary production (and thus P uptake), it is
generally suggested that increasing N addition would lead to
increased P limitation to plant growth, and finally result in a
more conservative use of P in plants (Meng & Field 2007). On
the other hand, plants may reabsorb more P to balance the
increased organ N concentrations to maintain stoichiometric
homeostasis under enriched N conditions (Yu et al. 2010). N
addition had no effects on leaf and culm P proficiencies in the
plots with double litter (Fig. 3B), indicating that the above-
ground litter input may indirectly mediate the response of P
proficiency to the changes in soil N availability.
The potential role of aboveground litter input in influencing

the processes of plant nutrient resorption has been reported in
tropical forests (Sayer 2006; Sayer & Tanner 2010). Here, our
results showed that plant litter can also significantly affect plant
nutrient resorption in grassland ecosystems: under ambient and
enriched N conditions, litter addition generally decreased N and
P proficiencies in both leaves and culms of L. chinensis (Fig. 3A
and B). More interestingly, we note that the response of P resorp-
tion proficiency to litter manipulation appeared to be more sen-
sitive than N resorption proficiency. Under both ambient and
enriched N conditions, leaf and culm P resorption proficiencies
decreased strongly with increasing litter amount. However, litter
manipulation only significantly affected N resorption proficiency
in leaves under ambient N conditions (Fig. 3A and B). Given
plant litter usually acts as a complete fertiliser that provides all
the elements (especially N and P) plants need for growth (Sayer
et al. 2012), our results imply that plant growth in this semi-arid
grassland may be more limited by P rather than by N.
Indeed, there is plenty of evidence that plant nutrient resorp-

tion proficiency often increases in parallel to soil nutrient avail-
ability (Wright & Westoby 2003; Norris & Reich 2009). Yet, as
most ecosystems often exhibit some degree of patchiness in
their soil fertility conditions (Ettema & Wardle 2002), the
effects of N and litter manipulations on plant nutrient resorp-
tion in our study may also be influenced by the spatial hetero-
geneity of soil properties. This assumption is partially
supported by a recent study in northern China. L€u et al. (2012)
reported that micro-scale variation in resource availability
(such as soil inorganic N and soil moisture) can strongly
impact both leaf and culm N resorption proficiencies and abso-
lute leaf N resorotion of L. chienesis.
The reduced N and P resorption proficiencies following litter

addition have implications for nutrient cycling dynamics, as
higher nutrient concentrations in litter generally lead to a faster
decomposition rate. The manipulation of aboveground litter
can thus affect decomposition rate and change nutrient cycling
in this grassland ecosystem. Additionally, we should note that
except for aboveground organs, a large proportion of plant lit-

ter input is derived from belowground organs (Yuan & Chen
2010). In grasslands and forests, belowground litter can repre-
sent approximately 33% and 48% of annual litter input, respec-
tively (Freschet et al. 2013). Given this fact, it is reasonable to
expect that the belowground litter may also play an important
role in influencing ecosystem nutrient dynamics. Nevertheless,
the number of relevant studies is currently still quite limited.

Effects of N addition and litter manipulation on leaf and culm
nutrient resorption efficiency

We hypothesised that N resorption efficiency in leaves and cul-
ms would not be affected by N fertilisation, but we found that
N fertilisation generally decreased N resorption efficiency in
leaves and culms (Fig. 4A). The decrease in N resorption effi-
ciency is probably related to the increased N concentrations in
green organs after N addition, as a higher green organ nutrient
concentration generally leads to lower nutrient resorption effi-
ciency at a global scale (Kobe et al. 2005; Vergutz et al. 2012).
Generally, there were no clear effects of N addition on P resorp-
tion efficiency in either leaves or culms (Fig. 4B). We were not
surprised by this result, as previous studies showed that P
resorption efficiency might increase (L€u & Han 2010), decrease
(van Heerwaarden et al. 2003b) or remain unchanged (Kozovits
et al. 2007) after N fertilisation. Compared with the strong
effects of litter manipulation on nutrient proficiency in leaves
and culms (Fig. 3A and B), the effects of aboveground litter
input on nutrient resorption efficiency seems to be less signifi-
cant (Fig. 4A and B). Nevertheless, we noted that leaf N nutrient
resorption efficiency under ambient N conditions, leaf P resorp-
tion efficiency and culm N resorption efficiency under enriched
N conditions all decreased with increasing litter amount, sug-
gesting aboveground litter has the potential to influence plant
resorption efficiency in this grassland ecosystem.

CONCLUSIONS

Our study is the first, to our knowledge, to simultaneously
examine the effects of N addition and litter manipulation on
plant nutrient resorption. Our results showed that N fertilisation
strongly influences nutrient resorption in both leaves and culms
of L. chinensis, the keystone and dominant species in the eastern
Eurasian steppes. More importantly, as the most important nat-
ural fertiliser in terrestrial ecosystems, this study confirms the
potential role of aboveground litter in influencing plant internal
nutrient cycling, especially in nutrient-limited habitats.
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