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Abstract Nitrogen (N) and carbon-nitrogen (C:N)
ratio are key foliar traits with great ecological impor-
tance, but their patterns across biomes have only
recently been explored. We conducted a systematic cen-
sus of foliar C, N and C:N ratio for 213 species, from 41
families over 199 research sites across the grassland bio-
mes of China following the same protocol, to explore
how different environmental conditions and species com-
position affect leaf N and C:N stoichiometry. Leaf C:N
stoichiometry is stable in three distinct climatic regions
in Inner Mongolia, the Tibetan Plateau, and Xinjiang
Autonomous Region, despite considerable variations
among co-existing species and among different vegeta-
tion types. Our results also show that life form and genus
identity explain more than 70% of total variations of
foliar N and C:N ratio, while mean growing season tem-
perature and growing season precipitation explained
only less than 3%. This suggests that, at the biome scale,
temperature affects leaf N mainly through a change in
plant species composition rather than via temperature
itself. When our data were pooled with a global dataset,
the previously observed positive correlation between leaf
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N and mean annual temperature (MAT) at very low
MATs, disappeared. Thus, our data do not support the
previously proposed biogeochemical hypothesis that low
temperature limitations on mineralization of organic
matter and N availability in soils lead to low leaf N in
cold environments.
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Introduction

Geographical variation in foliar traits is a challenging
issue to both plant physiologists and ecologists (Chown
et al. 2004; Reich et al. 2003). In particular, leaf nitrogen
(N), a key foliar trait and one of the most limiting ele-
ments for terrestrial vegetation, has drawn great atten-
tion (Aerts and Chapin 2000; Chapin 1980; Korner 1999;
Sterner and Elser 2002; Vitousek and Howarth 1991).
Several recent studies have synthesized the results of
multiple small-scale investigations to examine regional
and global patterns of leaf N (Han etal. 2005;
McGroddy et al. 2004; Reich and Oleksyn 2004; Wright
et al. 2004). For instance, Reich and Oleksyn (2004)
found that at the global scale, leaf N showed a weak neg-
ative correlation with mean annual temperature (MAT)
from the 5-10°C temperature range to the warmest
MAT. At very low MATSs, however, there was a tendency
for leaf N to increase with MAT. In contrast, Wright
et al. (2004) found that modification of leaf traits, includ-
ing leaf N, by climate is surprisingly modest. However,
McGroddy et al. (2004) examined global variations in
the plant nutrients of entire forested ecosystems, finding
that global trends closely approximate those reported by
Reich and Oleksyn (2004).

The strength of these syntheses comes from their use
of extraordinarily rich datasets, which encompass multi-
ple life forms (LF) at many research sites. However, such
methods suffer from the difficulty in assuring standard
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data collection. This challenge is particularly acute for
relatively weak correlations between traits such as foliar
N and climate, because regional-scale trends of leaf N are
more subtle than the order-of-magnitude variation within
each climatic region. In addition, some large geographic
regions, such as Chinese grasslands, have been underrep-
resented in these previous studies (Han et al. 2005; Wright
et al. 2004, 2005). In particular, the Tibetan Plateau,
which represents one of the largest alpine grasslands in
the world, is poorly represented in the global scale studies
(Reich and Oleksyn 2004; Wright et al. 2004).

This study makes an attempt to assess the stoichiome-
try and patterns of leaf C and N using a large-scale sam-
pling approach for the grassland biomes of China. The
diverse habitats of these grasslands provide a unique
opportunity to test the previously documented patterns
and to explore new trends in foliar traits. The objectives
of the present study are to determine whether there are
significant differences in C:N stoichiometry under differ-
ent environmental conditions, and to examine how and
to what extent climate modifies leaf N across all grass-
lands under study. Our study is unique because we sys-
tematically sampled leaf samples following the same
protocol, thus minimizing the bias in case sampling tech-
niques. The coverage of species and sites encompasses a
wide range of grassland types of China, including alpine
meadow, temperate meadow, alpine steppe, meadow
steppe, typical steppe, desert steppe (Wu 1980), with a
few sites of alpine scrubs, temperate scrubs, and desert.

Across our sites, elevation ranges from 575 to 5,249 m,
MAT from —9.7 to 12.0°C, and mean annual precipita-
tion from 68 to 624 mm year .

Materials and methods

The grasslands of China are distributed in three regions:
temperate grassland in the Inner Mongolia Plateau
(Chen and Wang 2000), alpine grassland on the Tibetan
Plateau (Zhang et al. 1988), and mountain grassland in
the Xinjiang mountain areas (Xu 1993) (Fig. 1). The cli-
mate of these regions is markedly seasonal, with substan-
tial annual variation in both temperature and rainfall
(Table 1).

Sample collection and measurements were conducted
in late July and early August of 2002, 2003 and 2004. We
selected research sites by visual inspection of the vegeta-
tion, selecting sites subject to minimal grazing and other
anthropogenic disturbances. At each site, the dominant
species were selected for measurement. However, at sites
in species-poor grasslands, fewer species were sampled,
to as few as one. Nearly all measured plants were in
flower. In all, we investigated 213 species, from 41
families over the 199 research sites, with 92 species
measured at more than one site. Our dataset (available
on request from the lead author) contained 525 species/
site combinations.

Legend
Meadow steppe
Il Typical steppe :
Desert steppe |
I Alpine steppe
Temperate meadow
I Alpine meadow
Temperate scrubs
I Alpine scrubs
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A Sites

300 0 300 Km

Fig. 1 A vegetation map of studied regions, selected from the Vegetation Map of China (Hou 1982), showing the sample sites
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Table 1 Description of the

three study regions Inner Mongolia Tibetan Plateau Xinjiang
No. of sites 42 82 75
No. of sampled 55 110 69
species
Altitude (m) 1,059 (575 to 1,527) 4,162 (2,934 to 5,249) 2,083 (733 to 4,000)
Precipitation 292.4 (183 to 427) 386.9 (110 to 624) 283.0 (68 to 534)

(mm year™")
Growing season
precipitation
(mm year™")
Temperature (°C)
Growing season
temp. (°C)

See Fig. 1 for site locations.
Arithmetic means are shown,
with the ranges of environ-
mental variables of sampling
sites in parentheses

222.7 (133 to 316)

2.0(-25t0179)
174 (14.8 to 20.4)

270.5 (84 to 383) 197.3 (43 to 420)

—1.3(=9.7 to 7.0)
7.5(~1.0 to 13.6)

1.1 (—=6.3to 12.0)
12.8 (1.1 to 23.9)

Sun-exposed and newly matured leaves (leaf blades
for grasses) of five to ten plants of each species at each
site were collected, placed in paper envelopes, and dried
in the sun. These samples were oven-dried at 60°C upon
returning to the laboratory. Dried samples were ground
to a fine powder using a ball mill (NM200, Retsch, Haan,
Germany). Total C and N concentration were deter-
mined on 5-6 mg of the homogenously ground material
of each sample using an elemental analyzer (2400 II
CHNS/O Elemental Analyzer, Perkin-Elmer, USA) with
a combustion temperature of 950°C and a reduction
temperature of 640°C.

The climate data used in this study were calculated
based on linear models using latitude, longitude, and alti-
tude as variables from 50-year averaged temperature and
precipitation records (1951-2000) at 680 well-distributed
climate stations across China (Fang etal. 2001; Piao
et al. 2003). Leaf C, N and C:N ratio were log-trans-
formed to normalize the distributions (McGroddy et al.
2004; Reich and Oleksyn 2004; Sterner and Elser 2002;
Wright et al. 2004).

Data were analyzed at three levels: (1) averaging spe-
cies values for each region (Inner Mongolia, the Tibetan
Plateau, and Xinjiang) to calculate C and N stoichiome-
try, (2) averaging by species within each vegetation type
for each region, and (3) using all data (i.e., treating all
observations equally). Data from (2) and (3) were ana-
lyzed to observe the overall pattern with climate, and

further pooled into shrub, herb and grass LFs to exam-
ine if LFs differ in the relationship with climate. Results
from (2) and (3) were generally similar, therefore only
results from (2) are presented here for brevity.

We used the regression approach to the analysis of
variance (ANOVA) as implemented in a general linear
model (GLM), employing type I sums of squares, in the
SAS statistical software package version 8.01 (SAS
1999). The full model included terms for LF, plant genus,
mean growing season temperature (GST, from May to
August), growing season precipitation (GSP), and the
interactions GST x LF, GST x genus, GSP x LF, and
GSP x genus. The significance of effects was tested with
the F-ratios between mean squares of effects and residu-
als. We switched the order of entry into the model for
GST and GSP to test for covariance. We also used MAT
and mean annual precipitation (MAP) to replace GST
and GSP respectively. As the results were similar, for
simplicity, we here focus on the results with GST and
GSP.

Results

The average foliar C:N mass ratio for all species across
China’s grasslands is 17.9 (Table 2), which falls between
that of global forests (C:N mass ratio 37.1) (McGroddy

Table 2 Foliar C, N, and C:N

ratios on mass basis n C N CGN
Mean SD CvV Mean SD CV Mean SD CV
Overall 213 438 302 69 276 086 314 179 57 320
Region
_ Inner Mongolia 55 450a 199 44  268a 077 286 187a 52 279
Number of species (1), mean Xinjiang 69 434b 273 63  259a 089 342 188a 62 332
value, standard deviation (SD),  Tijpet 110 435b 335 77  286a 088 308 170a 54 319
coefficient of variation (CV, Plant life form
defined as 100 SD/mean) are Grass 72 436a 221 sl 240a 054 225  196b 44 227
reported. Differences between Herb 103 435a 319 73 306b 099 322 160a 54 340
each group were tested usinga  Woody 38 449b 363 8.1 26la 072 274  192b 70 367
one-way ANOVA Wlth a Tuke_:y Legume (Y/N)
post hoc test of significance; sig- N 182 435a 309 71  262a 078 297 185b 57 307
nificant differences at P<005  y 31 452b 207 46  358b 090 252  139a 41 298

are indicated by different letters
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Fig. 2 Histograms of foliar C:N ratios in Inner Mongolia, Xinjiang,
the Tibetan Plateau and all regions pooled together. All ratios were
calculated on mass basis

et al. 2004) and marine systems (C:N mass ratio 5.7)
(Redfield 1958). C:N ratios for the three regions were
surprisingly constrained, at 18.7, 18.8 and 17.0 for Inner
Mongolia, Xinjiang and the Tibetan Plateau, respectively
(Fig. 2, Table 2). The variability in C:N mass ratio across
the three regions [coefficient of variation (CV) 32%] was
somewhat greater than that in freshwater zooplankton
(CV 21%; Elser et al. 2000), but smaller than that in for-
ests worldwide (CV 59%; Elser et al. 2000).

General linear model analysis showed that the overall
models of LF, genus, GST, GSP, and their respective
two-way interactions were all significant for leaf C, N
and C:N ratio, explaining 84, 88, and 88% of their total
variation, respectively (Table 3). The major factors LF
and genus together explained more than 60% of the total

variation for C and more than 70% for N and C:N ratio,
indicating that LF and genus controlled the patterns of
C, N and C:N ratio. The effects of GST and GSP
depended on the order of entry into the model, as they
covaried to some extent: the variation explained by both
GST and GSP was less than 5% for leaf C, and less than
3% for both N and C:N ratio. As shown in Fig. 3, the
effect of GST on leaf N was insignificant overall (for all
groups) or for each LF.

Genus x GST and genus x GSP showed some signifi-
cant interactions. For C, either genus x GST or genus x
GSP was significant, with the factor entered into the
model earlier resulting in a significant interaction. For N,
genus x GST interaction was always significant, explain-
ing from 4.3 to 9.7% of the variation, depending on the
order of entry into the model; the genus x GSP interac-
tion was significant only if it was entered into the model
before genus x GST. For C:N ratio, genus x GSP was
significant only if it was entered into the model before
genus x GST. These results suggest that, although both
GST and GSP interact with genus identity, genus x GST
was more consistently important than genus x GSP in
modulating foliar N. These patterns are generally similar
when the main factors LF and genus entered the models
prior to GST and GSP, or when GST and GSP are
replaced with MAT and MAP, respectively (ANOVA
results were not shown for brevity).

When the data of foliar N from the Tibet were pooled
with the global dataset of Reich and Oleksyn (2004), a
closer fit for the data was found by both linear (R?=0.11,
P <0.0001) and quadratic regression (R>=0.11, P<0.0001)
compared to the nonlinear regression (R>=0.050,
P <0.0001) employed by Reich and Oleksyn (2004). In
addition, the positive correlation between leaf N and
MAT at very low MATs observed by Reich and Oleksyn
(2004) disappeared when the Tibetan data were included
in their dataset (Fig. 4).

Discussion

Well-constrained foliar C:N stoichiometry
in China’s grassland

Our findings show that C:N stoichiometry is surprisingly
stable in three distinct regions under different environ-
mental conditions: Inner Mongolia, the Tibetan Plateau,
and Xinjiang. Because the overall elemental composition
of plants in an ecosystem is simultaneously determined
by the mix of species and by the physiological status of
the dominants (Giisewell 2004; Sterner and Elser 2002),
this stable C:N stoichiometry indicates a broad conso-
nance of ecophysiological processes across the grassland
systems, irrespective of species compositional shifts and
climatic variations.

These three regions are geographically far-flung and
climatically distinct, yet they are all dominated by grass-
lands, which have been shaped by congruent but distinct
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Table 3 Summary of analysis of variance (ANOVA) of the effects of mean growing season temperature (GST), growing season precipitation
(GSP), life form (LF), genus, and the interactions, using general linear models

df C N C:N

SS F SS F %SS SS F %SS
GST entered first
GST 1 0.010 25.92%%* 4.17 0.051 9.21%* 1.06 0.122 19.38%%* 2.32
GSP 1 0.000 0.31 0.05 0.007 1.31 0.15 0.013 2.12 0.25
LF 2 0.010 11.98%%* 3.85 0.539 48.42%** 11.11 0.599 47.70%** 11.44
Genus 106 0.148 3.45%** 58.77 3.025 5.13%%* 62.36 3.171 4.7 TH** 60.58
GST x LF 2 0.003 4.01* 1.29 0.005 0.49 0.11 0.002 0.14 0.03
GSP x LF 2 0.001 1.17 0.37 0.016 1.39 0.32 0.011 0.90 021
GST x genus 42 0.029 1.70* 11.47 0.470 2.01%* 9.68 0.506 1.92 9.67
GSP x genus 22 0.009 1.03 3.64 0.170 1.39 3.50 0.171 1.24 327
Residuals 102 0.041 16.39 0.568 11.70 0.640 12.23
GST entered second
GSP 1 0.004 9.62%* 1.55 0.036 6.47* 0.74 0.078 12.37%%* 1.48
GST 1 0.007 16.62%%* 2.67 0.023 4.05% 0.46 0.057 9.13** 1.09
LF 2 0.010 11.98%%* 3.85 0.539 48.42%** 11.11 0.599 47.70%** 11.44
Genus 106 0.148 3.45%** 58.77 3.025 5.13%** 62.36 3.171 4.7 THH* 60.58
GSP x LF 2 0.000 0.02 0.01 0.010 0.86 0.20 0.009 0.74 0.18
GST x LF 2 0.004 5.16%* 1.66 0.011 1.02 0.23 0.004 0.30 0.07
GSP x genus 42 0.027 1.57* 10.57 0.432 1.85%* 8.92 0.469 1.78* 8.96
GST x genus 22 0.011 1.28 4.54 0.207 1.69* 4.27 0.208 1.51 398
Residuals 102 0.041 16.39 0.568 11.70 0.640 12.23

Overall model for log(C), R?=0.84, F =2.92, P<0.0001; log(N), R>=

0.88, F=4.32, P <0.0001; log(C:N), R*=0.88, F=4.11, P <0.0001

df degree of freedom, SS sum of squares, 26SS % of variation explained by the main factors and the interactions

*P<0.05, **P <0.01, ***P <0.001
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environmental conditions (Brown and Lomolino 1998;
Kay et al. 2005). Plant growth is limited mainly by precip-
itation in the temperate grasslands of Inner Mongolia
(Chen and Wang 2000), low growing season temperature
in the alpine grasslands of the Tibetan Plateau (Li and
Zhou 1998), and a blend of the two in the mountain
grasslands of Xinjiang. While these biome-level differ-
ences have created variation in the species composition
of these regions, the well-constrained foliar C:N stoichi-
ometry suggests that evolution has set biochemical

Mean growing season temperature (°C)

constraints on the chemical composition of grassland plants
(Agren 2004), and thus has limited the variation in the
structure and LF composition of the regional vegetations.
Nutrient status of terrestrial ecosystems have strong
local and regional signals due to their acquisition of min-
eral nutrients mainly via weathering and microbial
decomposition at the local site (Chadwick et al. 1999;
Chapin 1980). Therefore, C:N stoichiometry reflects traits
that influence plants’ performance in response to the
abiotic characteristics of their immediate surroundings.
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Fig. 4 Leaf N concentration in relation to mean annual tempera-
ture (MAT) for the Tibetan species (filled triangles) and from the
global dataset of Reich and Oleksyn (2004) (grey circles). Quadratic
fitted lines for data from Reich and Oleksyn (2004) (dashed line) and
all data pooled together (solid line) are shown

For example, the frequently observed high leaf N concen-
trations in terrestrial plants at high altitudes have been
proposed to be a result of low temperature (Korner 1989;
Reich and Oleksyn 2004). Such increases in leaf N may
reflect adaptive mechanisms for offsetting temperature-
induced reductions in reaction rates or for enhancing cold
hardiness, or they may simply reflect changes in the rela-
tive rates of cellular processes (Woods et al. 2003). In con-
trast, our results demonstrate a remarkably stable C:N
ratio across substantial temperature, precipitation, and
altitudinal variation, indicating that the responses of C:N
stoichiometry to abiotic and biotic factors are possibly
more evident at the organismal level than at the ecosys-
tem level. This further suggests that each species has its
own strategy in solving the challenge of nutrient acquisi-
tion; little evidence is available to support the congruence
of the strategies of different species within each biome.

Data from Chinese grasslands modifies global
foliar N patterns

In recent years, several studies have documented global-
scale variations in leaf key functional traits and nutrient
status (McGroddy et al. 2004; Reich and Oleksyn 2004;
Reich et al. 1997; Sterner and Elser 2002; Wright et al.
2004). Reich and Oleksyn (2004) analyzed 1,280 plant
species in 704 genera, across 452 locations worldwide,
finding that leaf N rose from the warmest MAT to the
5-10°C range, across biogeographic and climatic gradients.
However, when MAT fell below 5-10°C, leaf N appeared
to decline or plateau with decreasing MAT, although
insufficient data hindered any definitive conclusions.

Reich and Oleksyn (2004) proposed several hypothe-
ses for the formation and maintenance of the global leaf

N trend. Among them, the temperature—plant physiolog-
ical hypothesis (TPPH) states that leaf N should decline
with increasing temperature because cold climates may
favour high leaf N to compensate for the low efficiency
of physiological processes at low temperature. In con-
trast, the biogeochemical hypothesis (BH) argues that
very low MATSs not only reduce N availability through
suppressing decomposition and mineralization of
organic matter, but also suppresses root nutrient uptake,
resulting in low leaf N in cold climates. The meta-analy-
sis of leaf trait data conducted by Reich and Oleksyn
(2004) supported both TPPH and BH: At very low
MAT, the decrease in leaf N with MAT may have
resulted from low soil N availability (BH); yet when
MAT is above 5-10°C, high leaf N relative to C at lower
MAT may arise as increasing N offsets the reduced
efficiency of enzymes and physiological processes
(TPPH). We are not aware of any studies that have
directly tested these hypotheses. China’s grasslands, par-
ticularly alpine grassland of the Tibetan Plateau, provide
us a unique environment to test these hypotheses at very
low MATSs. Our data offer evidence against the BH, as
leaf N did not increase with MAT even in very cold envi-
ronments and at high elevations.

No general trend for foliar N with temperature
in Chinese grasslands

The present study showed that LF and genus identity
explained more than 70% of total variations for foliar N
and C:N ratio, while GST and GSP explained only less
than 3%, and the genus x GST interaction explained
between 4.3 and 9.7% of the variations in these leaf char-
acters. When GST and GSP were replaced with MAT
and MAP, respectively, similar results were obtained. We
recognized that, in the present study, a large number
of the species sampled represent single genera (53/110)
or even single families (17/41). Thus, the large number of
degrees of freedom for genera in the analysis accounts in
part for the large influence of phylogeny on leaf stoichi-
ometry. However, when all genera represented by only a
single sample were removed, similar patterns emerged,
with genus identity explaining most of the variation
(data not shown). These results suggest that, overall,
foliar N and C:N ratio do not directly correlate with
either temperature or precipitation in China’s grassland
biomes, and the changes in these traits were mainly due
to the changes in species composition.

Recent studies by Reich and Oleksyn (2004) and
McGroddy etal. (2004) identified one geographically
broad trend in leaf N, namely decreasing leaf N with
increasing MAT (decreasing latitude). However, it is not
clear whether this trend results from a direct effect of
MAT (latitude) or from an indirect effect through a
change in plant species composition. From the results of
Reich and Oleksyn (2004) and McGroddy et al. (2004),
geographic distribution of evergreen versus deciduous
species appeared to be a major contributor to the large-
scale N patterns, which likely reflects two contrasting



suites of mineral nutrition strategies: low N content with a
longer leaf lifespan in evergreens, and high N content with
a shorter leaf lifespan in deciduous plants (Aerts and Cha-
pin 2000; Chapin 1980; Westoby et al. 2002). As the shift
from evergreens in the tropics to deciduous plants in tem-
perate regions covaries with changes in temperature, dis-
entangling these factors remains a formidable challenge.

It is worthy noting that, in the present study, although
similar results were obtained from mean annual climate
variables (MAT and MAP) and growing season climate
variables (GST and GSP), the underlying mechanisms
differ. Leaf traits reflect the direct effects of environment
during growing season, including growing season length
(Ackerly 2004; Korner 1999), thus GST and GSP are more
relevant to leaf traits than MAT and MAP. As identified
previously, the real driver for leaf traits is leaf lifespan (or
growing season length) (see review by Westoby et al. 2002).

The present study, conducted entirely within grassland
regions, tested the effect of temperature on C and N stoi-
chiometry while maintaining nearly constant LF compo-
sition (with only two evergreen species in this study). Our
results provide some evidence that the temperature effect
noted in the previous studies may be negligible if no sub-
stantial LF shifts are included. Thus, our study suggests
that at the biome scale, temperature affects leaf N mainly
through a change in plant species composition rather
than via temperature itself. These field-based results from
the grasslands of China substantially modify the conclu-
sions of previous meta-analyses, in particular refuting the
dominance of the BH at very low temperatures. Stan-
dardized data collection over a broad geographical range
was crucial in detecting this pattern.

The narrow range of C:N ratios across tremendous
geographic and climatic variation further emphasizes the
importance of plant LFs in determining mineral stoichi-
ometry. While precipitation, temperature, and altitudinal
variation contribute to explaining the variations in foliar
C, N, and C:N ratios, LF and genus identity were far
more important. Thus, future efforts should focus on
refining LFs to more precisely identify biome-spanning
patterns of foliar trait variation.
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