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Abstract Knowledge of the response of litter mass
loss to climate warming and litter quality in alpine
ecosystems is still sparse. Here, we conducted a 507-
day litter decomposition experiment along an eleva-
tion gradient from 3200 to 3800 m using different
litter types to determine the influences of litter quality
and climate change on the elemental mass losses and
on the temperature sensitivity of litter mass losses
(annual percentage decomposition (%) per 1°C tem-
perature difference). Mass losses of C, nitrogen (N),
phosphorus (P), potassium (K), sodium (Na), calcium
(Ca), and Magnesium (Mg) decreased with an increase
in elevation. In general, N and Na concentrations in
litter and ratios of C:N and lignin:N were the best
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predictors of C mass losses. A higher N concentration
and C:N ratio in litter caused greater C mass losses, but
higher lignin:N ratio in litter resulted in lower C mass
losses. Litter decomposition occurred in a two-stage
process. Carbon mass loss in litter was mainly limited
by soil temperature in the first growing season of the
decomposition period, whereas N concentration and
ratios of C:P and N:P limited carbon mass loss in the
remaining litter during the second growing season of
the decomposition period. Soil moisture appeared not
to affect litter mass loss and the temperature sensitivity
of litter mass loss of grass litter was greater than that of
shrub litter in the alpine region.

Keywords Litter quality - Mass loss -
Soil temperature - Soil moisture - Elevation gradient -
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Introduction

Litter nutrient concentration, the concentration of
carbon fractions (e.g., lignin), carbon:nitrogen (C:N)
and lignin:N ratios have been widely used as litter
quality variables due to their influence on microbial
activity and litter decomposition rates (Melillo et al.
1982; Taylor et al. 1989; Berg et al. 1996; Murphy et al.
1998). These variables are also used in some ecosystem
carbon models (Running and Hunt 1993; Parton et al.
1994). However, there is still no universally accepted
litter-quality variable (see citations in Murphy et al.
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1998) because several sources of variation obscure our
understanding of the effects of different variables, and
because the process of litter mass loss depends on
complex interactions between soil properties, climatic
factors, and litter types (Meentemeyer 1978; Harmon
et al. 1990; Berg et al. 1993; Aerts 1997; Murphy et al.
1998; Hobbie 2000; Hobbie and Vitousek 2000; Fierer
et al. 2005). There is a particular lack of knowledge
about how litter quality and its variables affect litter
mass loss in alpine regions (Cornelissen et al. 2007).

A number of studies have shown that the temper-
ature sensitivity of litter mass loss can vary with litter
type and extent of mass loss (Kirschbaum 1995;
Katterer et al. 1998; Dalias et al. 2001; McTiernan
et al. 2003; Fierer et al. 2005). Global warming and
associated environmental changes are predicted to
affect most regions of the northern hemisphere and will
be particularly pronounced at high northern latitudes
during this century (ACIA 2005; IPCC 2007). As the
largest grassland area on the Eurasian continent, the
Qinghai-Tibetan plateau is mostly situated at 3,500 m
or more above sea level, and covers an area of ~2.5
million km? (Zheng et al. 2000). Evidence shows that
the Qinghai-Tibetan plateau is experiencing climatic
warming (Thompson et al. 1993, 2000). Moreover, the
region is predicted to experience “much greater than
average” increases in surface temperature in the future
(IPCC 2007). Despite the importance of this region,
little is known about the effect of global warming on
litter decomposition, which could in turn affect carbon
storage in these grasslands.

In this study, we conducted a 2-year litter decom-
position experiment along an elevation gradient from
3200 to 3800 m. We collected samples of four litter
types from alpine meadows free-grazed by sheep
(two grass litter samples, a shrub litter sample, and a
mixed litter sample) in May 2007. The aims of this
study were to investigate for the first time (1) the
effect of litter quality and climate change on element
mass losses, and (2) the temperature sensitivity of
litter mass loss on the Tibetan plateau.

Materials and methods
Experimental site

The experimental site is located at the Haibei Alpine
Meadow Ecosystem Research Station (HBAMERS), a
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facility run by the Northwest Institute of Plateau
Biology of the Chinese Academy of Sciences.
HBAMERS is situated at latitude 37° 37'N, longitude
101° 12'E. The station lies in the northeast of the
Tibetan plateau in a large valley surrounded by the
Qilian Mountains (Fig. 1). The station experiences a
typical plateau continental climate which is dominated
by the southeast monsoon from May to September in
summer and high pressure from Siberia in winter.
Summers are short and cool, and winters are long and
severely cold. Mean annual temperature is —2°C, and
mean annual precipitation is 500 mm, over 80% of
which falls during the summer monsoon season. Mean
elevation of the valley bottom is 3,200 m. The soil
is a Mat-Gryic Cambisol (Chinese Soil Taxonomy
Research Group, 1995), corresponding to Gelic
Cambisol (WRB 1998). Basic soil properties were
organic carbon 5.5 and 3.3%, pH 7.3 and 7.4, bulk
density 0.75 and 1.11 g cm™> at 10 and 20 cm soil
depths, respectively (Cao et al. 2008). A detailed site
description can be found in Zhao and Zhou (1999).

Litter sample collection and decomposition

The plant community at the experimental site at
3,200 m is dominated by Elymus nutans (Griseb.),
Poa pratensis (Linn.), Festuca ovina (Linn.), Gentiana
straminea (Maxim.), Kobresia humilis (C. A. Mey. ex
Trautv.) (Serg.), Carex scabrirostris (Kiikenth.), Scri-
pus distigmaticus (Kiikenth.) (Tang et Wang.), Poten-
tilla nivea (Linn.), Gentiana grumii (Kusnez.), Blysmus

Fig. 1 The landscape of the experimental site and sampling
locations. Photo taken on 12 June 2007. Filled circle, filled
square and filled triangle show the sites at 3200, 3600, and
3800 m along the elevational gradient
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sinocompressus (Tang et Wang.), Leontopodium nanum
(Hook. f. et Thoms.) (Hand.-Mazz.), and Dasiphora
fruticosa (Linn.) (Rydb.). Litter samples of E. nutans,
B. sinocompressus, D. fruticosa (shrub), and mixed litter
of the community were collected randomly from this
meadow community grazed by sheep in May 2007, air-
dried, and stored indoors until the beginning of the
decomposition experiment.

About 3 km from HBAMERS, one 10 x 20 m plot
was fenced in autumn 2005 at each elevation of 3200,
3600, and 3800 m above sea level along the southern
side of the Qilian Mountains. Air-dried litter samples
(20 g oven-dry mass at 80°C) of single species and
mixed litter samples of the community were placed in
10 x 20 cm litterbags constructed from 1-mm mesh
nylon cloth. We placed a total of 360 litter bags at the
three sites at 3200, 3600, and 3800 m at spacings of
10-20 cm on June 1 2007, and 5 litterbags each species/
community mixture were randomly selected to take back
to the laboratory on July 24 and October 14 in 2007, and
April 24, June 24, July 24 and October 24 in 2008,
respectively, to measure litter mass loss (i.e., 5 repli-
cates x 4 litter types x 3 elevations x 6 sample dates).

All the samples at each sampling period were dried
at 80°C to measure their mass losses, and then ground
to pass through a 1-mm sieve to determine concen-
trations of carbon (C), nitrogen (N), phosphorus (P),
potassium (K), calcium (Ca), and magnesium (Mg) as
per the methods described in AOAC (1984). Litter
chemistry was measured by sequentially digesting
material into fractions that correspond with soluble
cell contents, cellulose, hemicellulose, lignin, and
acid insoluble ash (Van Soest 1963; Ryan et al. 1990)
on a forage fiber analyzer (ANKOM 200, Macedon,
New York, USA). All the nutrient concentrations
were calculated on the basis of organic matter (i.e.,
dry matter minus crude ashes).

Soil temperature and soil moisture along
the elevation gradient

At the center of each plot, weather stations (Onset
Computer Corporation, Japan) were used to monitor
soil temperature and soil moisture at 5-cm soil
depth. The sensors were connected to a CR1000
datalogger, and soil temperature and soil moisture
were measured every 1 min, and then 30-min
averages were stored.

Data calculation and analysis

Repeated-measures analysis of variation of mass
losses of different elements in litter was used with
elevation and species as between-subject effects and
with sampling date as the within-subject effect, using
GLM analysis in SPSS (Version 12, SPSS Inc.
Chicago, Illinois, USA, 2005). For each species and
sampling date, the significant difference between
elevations was assessed by One-way ANOVA and
least significance difference (LSD) tests.

Temperature sensitivity of litter mass loss was
defined as the relative differences in litter mass losses
(%) between two different elevations divided by the
annual average temperature difference (°C) of the
corresponding elevations. Linear regression analysis
was performed to test the dependency of the annual
average percentage mass losses of litter on differ-
ences in annual average soil temperature at 5-cm
depth among elevations. The significance of temper-
ature sensitivity of mass losses (i.e., the slopes of the
regression equations) among different litter types was
tested using paired comparisons.

Partial correlation analysis was performed to test the
dependency of C mass losses in each sampling period
on the proposed litter quality variables and average soil
temperature and soil moisture at 5 cm. All the signif-
icances mentioned in the text were at the 0.05 level.

Results
Soil temperature and moisture along the elevation

In general, although there was no significant
difference between 3200 and 3600 m for annual
soil temperature and soil moisture at 5 cm, they
decreased with an increase in elevation (P < 0.05).
Their annual average values over two years were
3.3, 2.8, and 0.1°C for soil temperature (Fig. 2a),
and 18.6, 17.8, and 8.1% for soil moisture at 3200,
3600, and 3800 m, respectively (Fig. 2b). However,
the patterns of the differences in soil temperature
and soil moisture at 5cm among elevations
differed significantly between the growing season
(May to October) and nongrowing season. For
example, during the growing season, the soil
temperatures at 5 cm were 9.5, 7.5, and 5.8°C at
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3200, 3600, and 3800 m, respectively, whereas
during the nongrowing season they were —2.9,
—1.8, and —5.6°C, respectively, indicating that
during the nongrowing season, the average soil
temperature at 5 cm was significantly higher at
3,600 m due to temperature inversion on the foot
of the mountain. During the growing season, soil
moisture was 26.2, 27.6, and 14.4% at 3200, 3600,
and 3800 m, respectively, indicating that the mean
soil moisture at 5 cm was lowest at 3,800 m during
the growing season, especially from June to July in
2007 and 2008 (Fig. 2b) due to the effect of
topography on rainfall.
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Initial litter chemical components and their mass
losses

The initial litter chemistry of E. nutans, B. sinocom-
pressus, D. fruticosa, and mixed litters of the com-
munities showed significant differences (Table 1).
When sorting the species and mixed litters from high
to low litter quality, each of the potential litter-quality
variables classified the litter types differently. The
shrub species, D. fruticosa, was an exception, having a
significantly lower litter quality when measured by all
of the variables except percentages of phosphorus and
calcium. The other litter types displayed more
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Table 1 Initial chemistry of litter samples on the basis of organic matter in different litter

Litter ~ %C %N %P K  %Na  %Ca %Mg

%HC  %Cellu  %Lig C:N C:p N:P Lig:N

EN 245¢ 1.dc 02b 1.7a 0.16b 09 0.07b
BS 247¢ 13b 0.lc 1l.lc 0.23a 0.7c 0.16a
DF 319a 1.0d 03a 1.5b 0.12¢c 13a 0.14a
Mixed 28.6b 14a 02b 14b 0.17b 0.3d 0.07b

12.2¢ 23.9¢ 4.6d 21.8b 140.6¢c 6.6c 4.1c
10.8d  18.3d 83b 19.6c 202.6b 10.0b 6.6b
14.4b  32.1a 14.8a 33.4a 94.8d 28d 15.5a
19.2a  30.4b 58c  19.8¢c  170.6b 8.8b 4.0c

EN Elymus nutans, BS Blysmus sinocompressus, DF Dasiphora fruticosa, Mixed mixed litter of the community under free-grazing.
HC hemicellulose, Cellu cellulose, and Lig lignin. Values followed by different letters for the same column mean significant

differences at 0.05 level

variation in relation to one or another variable. E.
nutans had the lowest N concentration and highest
C:N ratio (low litter quality), but the most favorable
litter quality relative to several other variables (e.g.,
percentage lignin, lignin:N ratio). Mixed litter had the
highest litter quality according to N concentration and
C:N ratio. However, when evaluating the other
variables (e.g., percentage of cellulose and hemicel-
lulose), the litter quality of the mixed litter diminished
compared to the other litter types. Values for B.
sinocompressus were generally intermediate among
the litter types. Since each of the litter-quality
variables classifies the litter quality differently in
relation to each other, there exists a range of
possibilities for utilizing litter quality as a predictor
of mass losses.

All element (C, N, P, K, Na, Ca, and Mg) mass
losses were affected significantly by elevation, sam-
pling date, litter type, and their interactions (Table 2
and Figs. 3, 4 and 5). In general, their mass losses
decreased significantly with an increase in elevation,
but the differences became smaller with decomposi-
tion time. For example, the average cumulative C
mass losses for all litter types were 28.1, 19.9, and

14.5%, and 60.8, 57.3, and 54.7% during 54-day and
507-day decompositions at 3200, 3600, and 3800 m,
respectively. The average relative differences of C
mass losses were greater by 93.8 and 37.2% at 3200
and 3600 m compared with that at 3,800 m during
54-day decomposition, whereas the differences were
only 11.2 and 4.8% during 507-day decomposition,
indicting that the potential effect of climate variables
(temperature, moisture) on litter decomposition
decreases with decomposition time (Table 3). The
average cumulative mass losses of grass litter (i.e.,
E. nutans and B. sinocompressus) were greater than
that of shrub litter (D. fruticosa) for C, P, K, Na, and
Mg, whereas the opposite was observed for N during
the decomposition period. The average cumulative
mass losses of C and Na of the mixed litter were the
greatest during the decomposition period. The effect
of litter quality on litter decomposition varied with
decomposition time. For example, the average cumu-
lative C mass losses for all elevations were 18.2,
21.0, 27.1, and 17.1%, and 58.6, 59.5, 63.2, and
49.1% for E. nutans, B. sinocompressus, mixed litter,
and D. fruticosa during 54-day and 507-day decom-
positions, respectively. The relative differences of C

Table 2 Summary of repeated-measures analysis of variation in mass losses of different elements in litter using elevation and
species as between-subject effects and sampling date as within-subject effect with GLM analysis in SPSS (Version 12)

Element E D S E xD E xS D xS ExDxS
C <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
N <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
P <0.001 <0.001 <0.001 <0.001 0.034 <0.001 0.879
K <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.248
Na <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.543
Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Mg <0.001 <0.001 <0.001 <0.001 0.003 <0.001 0.901

E elevation, D sampling date, S species/community mixture
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mass losses were 6.4, 22.8, and 58.5% during 54-day based on the average relative differences (%) of C

decomposition, and 19.3, 21.2, and 28.7% during mass losses at different elevations compared with that
507-day decomposition compared with that of of 3,800 m and the average relative differences (%)
D. fruticosa (Table 3), indicating that the potential of C mass losses of different litter types compared
effect of litter quality on C mass loss may be with that of D. fruticosa, whereas the opposite was
controlled by different litter quality variables with the case over the longer decomposition period (i.e.,
decomposition time. In the early stages of litter during 507-day decomposition) (Table 3).

decomposition (i.e., during the 54-day decomposition In order to determine whether litter decomposition
period), the effect of climate variables on litter occurs in a two-stage process, we evaluated the
decomposition was greater than that of litter quality differences in C mass loss of each species/community
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Fig. 5 Cumulative
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Table 3 Relative differences (%) in C mass losses of different
litter types at different elevations compared with that at
3,800 m, and of different species litter for Elymus nutans (EN),

Days of decomposition

Blysmus sinocompressus (BS), and mixed litter (ML) compared
with that of Dasiphora fruticosa (DF) during 57-day and 507-
day decomposition periods

Compared with 3,800 m

Compared with DF

54-day 507-day 54-day 507-day
Elevation (m) 3,200 3,600 3,200 3,600 3,200 3,600 3,800 3,200 3,600 3,800
EN 157.7 68.3 11.2 6.3 24.7 29 -3.1 14.7 22.0 21.5
BS 104.9 35.0 12.5 5.7 36.3 13.5 11.7 17.9 23.0 23.3
ML 70.7 254 52 1.6 62.8 512 60.2 21.3 30.3 358
DF 68.0 32.8 17.8 59 / / / / / /

mixed litter between elevations during the first
growing season, during the nongrowing season and
during the second growing season (Fig. 6). We found
that for all litter types, the relative cumulative C mass
losses during the first growing season as a proportion
of total cumulative C mass losses over the 507-day
decomposition period significantly decreased with an
increase in elevation. During the second growing
season, however, it was lowest at 3,200 m and even
significantly increased with an increase in elevation
for all litter types except D. fruticosa, although there
was no significant difference between 3600 and
3800 m (Fig. 6).

The average cumulative mass losses of C, N, P, K,
Na, Ca, and Mg for all litter types and elevations

during the 507-day decomposition period were 57.6,
46.2, 78.3, 58.9, 75.0, 76.6, and 63.8%, respectively,
indicating that N mass loss was less than that of other
elements.

Factors affecting carbon mass loss

In general, based on partial correlation analysis of
results from 6 samplings over the 507-day decompo-
sition period, we found that high C concentration and
high ratios of N:P and lignin:N in initial and
remaining litter reduced C mass losses, whereas
positive correlations were observed between C mass
losses and concentrations of N, P, Na, cellulose, and
ratios of C:N and N:P in initial and remaining litters.
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Decompositon period

Soil temperature and soil moisture did not affect C
mass losses (Table 4). However, if one excludes the
nongrowing season from 24 October 2007 to 24 June
2008, C mass losses increased significantly with
increases in soil temperature and concentrations of N,
P, Na, cellulose and C:N ratio (Table 4). There were
no significant partial correlations between C mass
losses and any variables in Table 1 during the
nongrowing season (data not shown). During the first

Decomposition period

growing season of the decomposition experiment, soil
temperature, N concentration and ratios of C:N and
lignin:N were the main factors that affected C mass
losses in litter, whereas partial correlation was not
significant between C mass losses and soil tempera-
ture during the second growing season of the decom-
position experiment (Table 4). These results indicate
that C mass losses in litter was mainly controlled by
soil temperature during the early phase of the

Table 4 Partial correlation efficiencies of each listed variable in Table 1 for each sampling date with carbon mass losses during
specified decomposition periods controlling for the other listed variables

DP* C% N% P% Na% Cellu% C:N C:P N:P Lignin:N ST
ODP —0.159%*  0.243**  0.140%*  0.278%*%  0.166**  0.262%*  0.140%*  —0.141%*  —0.252%*

ODPEW 0.132%* 0.132%* 0.400*%*  0.169**  0.144* —0.195%%  (0.350%*
FGS 0.292%* 0.423%** —0.463%*  0.699**
SGS 0.419%* 0.197#*  —0.216%**

DP decomposition period, ODP over the decomposition period, ODPEW over the decomposition period except winter from 14
October 2007 to 24 April 2008, FGS first growing season from 1 June 2007 to 14 October, and SGS second growing season from 24
April to 24 October 2008. Cellu cellulose, ST soil temperature at 5 cm. Only significant partial correlations are shown in the Table

*, **% mean significant at 0.05 and 0.01 level, respectively

@ Springer



Plant Ecol (2010) 209:257-268

265

30 - —
oM m BS

25 AEN XDF -A
2010

Litter mass losses (%)

4

Difference in annual soil temperature at 5 cm
between elevations (°C)

Fig. 7 Relationships between litter mass loss (%) for a 386 day
decomposition period across the elevation gradient and differ-
ences in annual average soil temperature at 5 cm depth among
elevations. The regression equations are EN: y = 8.6989x
— 22244 (#* = 0.99, P = 0.002); BS: y = 5.6351x — 0.1115
(? =099, P=0013); M: y=47472x — 02373 (> =
0.97, P = 0.052); and DF: y = 3.4451x + 2.9538 (+* = 0.86,
P = 0.090), respectively, where y is the litter mass loss for a
386-day decomposition period across the elevation gradient, and
x is the difference in annual average soil temperature at 5 cm
among elevations. M: mixed litter, BS: Blysmus sinocompressus,
EN: Elymus nutans, DF: Dasiphora fruticosa

decomposition period and then by litter quality during
the later phase of the decomposition period, and that
soil moisture appeared to have no significant effect on
C mass losses in litter.

Temperature sensitivity of litter mass losses

We measured the relationships between the percent-
ages of the litter mass losses during the first year (i.e.,
over a 386-day decomposition period) and the
differences of annual soil temperature at 5 cm across
the elevation gradient. The relationships were weak
for the mixed litter (P = 0.052) and D. fruticosa
(P = 0.090). The temperature sensitivities of the
litter mass loss of the mixed litter, B. sinocompressus,
E. nutans, and D. fruticosa were approximately 4.9,
5.6, 8.7, and 3.4, respectively (Fig. 7), which were
significantly different (P = 0.016).

Discussion
Many decomposition studies have identified lignin

concentration and the ratios of lignin:N and C:N as
the most reliable predictors of decomposition (Berg

et al. 1982; Stohlgren 1988; Taylor et al. 1989;
Running and Hunt 1993; Parton et al. 1994; Murphy
et al. 1998). In particular, Murphy et al. (1998)
suggested that litter mass loss was limited by C
substrates rather than by nutrient content, including N
concentration. However, our results indicated that N
concentrations and ratios of C:N and lignin:N in litter
are the best predictors of C mass losses, although the
relationships between C mass loss and litter nutrient
concentration or ratios of C:N, C:P, N:P, and lignin:N
varied with decomposition periods (Table 4). Signif-
icant effects of litter N content on litter mass loss
have been observed in other mesic systems (Taylor
et al. 1989). High N concentration in litter consis-
tently promoted a faster C mass loss during the
summer decomposition periods (Table 4), whereas
the chemical components in litter did not affect C
mass losses during the winter decomposition period
due to slow decomposition with low temperature.
Along with the changes in decomposition dynamics,
some factors controlling C mass loss switched from
the ratios of C:N and lignin: N during the first
growing season to the ratios of C:P and N:P during
the second growing season (Table 4). It is likely that
variation of resource ratios in litter with decomposi-
tion time and stoichiometric constraints result in
variation of the decomposer community (Cherif and
Loreau 2007), because variation in the elemental
composition of bacteria and fungi is very small
(Makino et al. 2003). It is known, for example, that
bacteria and fungi have different C:P and C:N ratios
and that the substrate C:N ratio can have an influence
on the fungal/bacteria biomass ratio (Eiland et al.
2001). We found that N mass loss was less than that
of other elements in litter, causing lower C:N ratios
and higher N:P ratios in the remaining litter over
decomposition time. Similarly, the vast number of
limiting resources created by the combination of
various essential elements (e.g., P and Na) in organic
resources with different possible elemental ratios may
affect the structure of the decomposer community
(Cherif and Loreau 2007). Inconsistent with previous
reports that a low C:N ratio promotes a faster rate of
decomposition (Berg et al. 1982), or reports that there
is no relationship between the C:N ratio in litter and
mass losses (Murphy et al. 1998), we found that there
were positive correlations between C:N ratios and C
mass losses during different decomposition periods,
except during winter and the second growing season
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(Table 4). Two reasons can be proposed to explain
this difference. First, the statistical analysis method
used was different. Significant negative correlations
(P < 0.05) were found between C mass losses and
C:N ratios in litter when simple correlation analysis
was used (data not shown). However, positive partial
correlations were found between C mass losses and
C:N ratios in litter during the decomposition periods
when partial correlation analysis was used (Table 4),
indicating that simple negative correlations between
C mass losses and C:N ratios in litter were caused by
other correlated variables rather than the C:N ratio
itself (Tilman and Downing 1994). Second, although
initial a higher C:N ratio for Dasiphora fruticosa
(Table 1) caused lower C mass loss (i.e., a negative
correlation), C:N ratios in the remaining litter
decreased with decomposition time due to N mass
losses which matched the variation in C mass losses
(i.e., a positive correlation). Therefore, it is important
to exercise caution when directly comparing the
relationship between C mass loss and C:N ratio in
litter in the literature since the analysis method used
to calculate the correlations can vary significantly
across studies.

The effect of soil temperature on C mass losses
varied with decomposition period (Table 4). Soil
temperature explained approximately 67% of varia-
tion in C mass loss during the first growing season,
but it did not affect C mass loss during the second
growing season. These results indicate that with the
decomposition time the effect of quality of the
remaining litter on C mass loss may override the
effect of soil temperature during the second growing
season. Soil moisture did not affect litter mass losses
in the region. However, Murphy et al. (1998) found at
below 2,500 m elevation in the Southwest USA that
litter mass loss was mainly controlled by lignin
concentration and precipitation rather than tempera-
ture. Therefore, in our colder and wetter region at
more than 3,200 m elevation, temperature may be an
important factor controlling C mass loss during the
first summer, and future summer warming may
increase C mass loss from litter.

Litter mass loss and its temperature sensitivity for
the low litter quality shrub, D. fruticosa, was low
compared with grasses (Fig. 7), which is consistent
with previous reports (Cornelissen et al. 2007).
As warming increases invasion of shrubs to the
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community in the alpine and tundra regions (Klein
et al. 2007, 2008; Post et al. 2008), future warming
may reduce the amount of carbon released to the
atmosphere from litter in the region. The temperature
sensitivity of litter mass loss will influence rates of
ecosystem carbon sequestration in a warmer world
(Jones et al. 2003; Fierer et al. 2005), in particular in
our study area. Bosatta and Agren (1999) have
hypothesized that the temperature sensitivity of litter
mass loss is governed by microbial enzyme kinetics
and will be influenced by the quality of the litter C
being consumed by microorganisms. This has been
called the “C quality-temperature” hypothesis by
Fierer et al. (2005), who first determined the hypoth-
esis and suggested that the temperature sensitivity of
microbial decomposition should be inversely related
to litter C quality. However, we found that there were
no significant correlations between the temperature
sensitivity of litter mass loss and the initial chemical
components in litter, even though a shrub with the
highest lignin concentration (Table 1) had the lowest
temperature sensitivity (Fig. 6). This is probably due
to different approaches used to characterize temper-
ature sensitivity (Q;o used in Fierer et al. 2005).

Conclusion

Higher temperatures significantly increased element
litter mass losses, which suggests that global warm-
ing will decrease C storage in the study site, unless
shrub encroachment is extensive. The N concentra-
tions and ratios of C:N and lignin:N in litter were the
best predictors of C mass loss. The effect of soil
temperature on C mass losses was greater than that of
litter nutrient quality during the first growing season
of the decomposition period, whereas C mass loss in
litter was mainly controlled by N concentration and
the ratios of C:P and N:P in remaining litter during
the second growing season of the decomposition
period. The mass losses of grass litter and their
temperature sensitivity were greater than that of
shrub litter. Therefore, our study on the temperature
sensitivity of litter mass losses may have important
implications for predictions about future contribu-
tions of alpine and possibly also other cold regions to
carbon dynamics worldwide.
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