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 Leaf chemistry is important in predicting the functioning and dynamics of ecosystems. As two key traits, leaf nitrogen (N) 
and phosphorus (P) concentrations set the limits for plant growth, and leaf N:P ratios indicate the shift between N- and 
P-limitation. To understand the responses of leaf chemistry to their potential drivers, we measured leaf N and P concentra-
tions of 386 woody species at 14 forest sites across eastern China, and explored the eff ects of climate, soil, and plant growth 
form on leaf N, P and N:P ratios. In general, leaf N and P were both negatively related to mean annual temperature and 
precipitation, and positively related to soil N and P concentrations. Leaf N:P ratios showed opposite trends. General linear 
models showed that variation in leaf N was mainly determined by a shift in plant growth form (from evergreen broadleaved 
to deciduous broadleaved to conifer species) along the latitudinal gradient, while variations in leaf P and N:P were driven 
by climate, plant growth form, and their interaction. Th ese diff erences may refl ect diff erences in nutrient cycling and 
physiological regulations of P and N. Our results should help understand the ecological patterns of leaf chemical traits and 
modeling ecosystem nutrient cycling.   

 Leaf nitrogen (N) and phosphorus (P) concentrations are 
two of the key leaf traits which play crucial roles in ecosys-
tem function and dynamics (Chapin et al. 2002, Sterner and 
Elser 2002). As one of the major limiting elements for plant 
growth, leaf N concentration is tightly linked to many eco-
system processes, such as photosynthetic rate, plant produc-
tivity, and litter decomposition (Field and Mooney 1986, 
Vitousek 2004, LeBauer and Treseder 2008). As a vital ele-
ment of genetic material, energy storage and cell structure, 
P is also limited in most environments. Th ere is increas-
ing evidence that leaf P concentration is probably more 
important than leaf N in limiting plant development and 
growth (Attiwill and Adams 1993, Zotz 2004, Reich et al. 
2009). Th e ratio of leaf N to leaf P (N:P) is often suggested 
as an index to refl ect the shift between N- and P-limitation 
(Koerselman and Meuleman 1996, G ü sewell 2004). 

 Leaf N, P and N:P vary among species and sites, and 
P varies more than do N and N:P ratios (G ü sewell and 
Koerselman 2002). However, the drivers of the greater vari-
ability in leaf P than in leaf N and N:P have not been sys-
tematically investigated, partly because of the challenge in 
diff erentiating between the eff ects of environmental varia-
tion and plant growth strategies on the variability of leaf 
chemistry ( Å gren 2008, Elser et al. 2010). 

 Several factors have been proposed to explain the pat-
terns of leaf chemical traits. Among these, climate, soil or 
plant growth form are thought to be the primary factors 

infl uencing the leaf N and P. Likewise, several hypotheses have 
been put forward to explain geographical patterns of variabi-
lity. For example, the plant physiology hypothesis assumes 
that all plant metabolic processes are temperature sensitive, and 
that increases in N and P concentration can compensate for 
decreases in metabolic rate at low temperature (Woods et al. 
2003, Reich and Oleksyn 2004). However, experimental 
evidence at small scale and models indicate that the eff ects of 
temperature on leaf chemical traits are highly variable across 
a range of species and ecosystems, but our knowledge on the 
eff ects of temperature on leaf chemical traits at large scales is 
still limited (An et al. 2005, Rohrs-Richey and Mulder 2007, 
Lukac et al. 2010). Th e  biogeochemical hypothesis  suggests 
that soil nutrient availability, which is infl uenced by precipita-
tion through leaching eff ects, is the main driver of leaf nutri-
ent concentration (McGroddy et al. 2004, Reich and Oleksyn 
2004). Soil P is mainly derived from rock weathering and 
its diff usion into the soil solution is considerably lower than 
that of N (Fitter et al. 1998, Lambers et al. 1998, Aerts and 
Chapin 2000), therefore leaf P may be more limited by low 
soil P content in highly leached soils (Han et al. 2005). Th e 
 growth rate hypothesis  states that leaf nutrient concentra-
tion is mainly determined by plant growth rate (Elser et al. 
2003, Vrede et al. 2004); leaf N concentration [relative to 
carbon (C) content] increases linearly and P:C ratio follow 
a quadratic function of relative growth rate, and thus N:P 
responses are complicated to relate to growth rate ( Å gren 2004). 
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Th e sensitive response in leaf P concentration to growth rate 
is also refl ected in its responses to specifi c leaf area (SLA) and 
photosynthetic rate (Reich et al. 2010). 

 Numerous studies have tested these hypotheses at regional 
and global scales (Hedin 2004, Kerkhoff  et al. 2005, He et al. 
2006, Lovelock et al. 2007, Ordo ñ ez et al. 2009). However, 
most studies have not examined the diff erent responses of leaf 
N, P and N:P to environmental variables and plant growth 
form (but see Swenson et al. ‘ s unpublished work, cited in Elser 
et al. 2010). In this paper we examine the responses of leaf N, 
P and N:P to climate, soil and plant growth form with data 
collected from 386 woody species at 14 forest sites across east-
ern China. Th e main objective is to understand the responses 
of leaf N, P and N:P to potential drivers (climate, soil and 
plant growth form). Specifi cally, we address the following 
questions: how do leaf nutrient concentrations vary along an 
environmental gradient? Are these environmental trends con-
sistent across plant growth forms? Are there any diff erences in 
the responses of leaf N and P to their potential drivers?  

 Material and methods  

 Site description 

 Th is study was conducted at 14 forest sites in eastern China 
(Fig. 1), spanning a range of 32 degrees in latitude from 
18.7 ° N to 50.9 ° N and varying in altitude from 80 to 1857 m. 
Climatic data, such as mean annual temperature (MAT) and 
annual precipitation (AP) were documented from local reports 
(Supplementary material Table A1). MAT ranged from –5.7 
to 25.3 ° C, and AP from 423 to 2031 mm across sites. Soil 
types also span a large variation in nutrient level, from brown 
soils with high organic content to tropical red soils with 
low organic content. Vegetation types changed north to 
south from temperate coniferous to temperate deciduous, 
subtropical evergreen, and tropical seasonal rain forests.   

 Sampling and measurement 

 Leaf samples were collected according to the protocol pro-
posed by Cornelissen et al. (2003). Fully expanded sun leaves 
were collected from four or fi ve individuals of each species at 
the same site during the growing season (July–August) from 
2005 to 2007. In total, 386 woody plant species, belonging 
to 208 genera and 74 families, were sampled. 

 Samples were dried for 72 h at 60 ° C and then ground 
using a ball mill (NM200, Retsch, Haan, Germany) for the 
measurement of N and P concentrations. Leaf N concen-
tration was measured 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. Leaf P concentration was measured 
by a molybdate/ascorbic acid method (John 1970) after 
H 2 SO 4 -HClO 4  digestion, and the absorbance of each sam-
ple was measured at 700 nm after 20 min of adding molyb-
denum-stibium-ascorbic acid reagent. 

 In each site three soil samples were collected in three 
plots where the plant species were sampled. Soil samples 
(A horizon) were randomly collected across the plot and 

thoroughly mixed. All soil samples were air-dried, sieved 
and roots removed by hand, then ground to pass through a 
100-mesh sieve. Soil N concentration was measured using 
the elemental analyzer. Soil P concentration was measured 
by the molybdate/ascorbic acid method (John 1970). We 
took the average value of three samples at the same site as 
the soil N and P concentrations of the site.   

 Data analysis 

 Th e relationship between leaf chemical traits and environ-
mental variables was explored at two levels: individual level 
and site  �  species level. For the former we used all original 
data of leaf N, P and N:P (mass ratio) from individual plants, 
and for the latter we averaged values by species within each 
site (Supplementary material Table A2). Because the results 
generated from the two datasets were quite similar, in this 
paper we present only the results from site  �  species dataset for 
the comparison with previous researches (Reich and Oleksyn 
2004, He et al. 2006). Th e site  �  species dataset was statisti-
cally summarized to show the mean, coeffi  cient of variance 
(CV) and sample size of leaf N, P and N:P. We divided all 
the species into three plant growth forms: deciduous broad-
leaved, evergreen broadleaved and coniferous plants. We used 
t-tests with Bonferroni corrections to compare the diff erences 
of leaf chemical traits among plant growth forms. 

 We fi rst related leaf N, P and N:P to latitude and envi-
ronmental variables using linear regression. Leaf N, P and 

  Figure 1.     Locations of sampling sites, spanning 32 degrees in lati-
tude across forests of eastern China.  
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N:P were log-transformed to normalize distributions. Envi-
ronmental variables included both climate data (MAT and 
AP) and soil nutrient levels (soil N and P concentrations). 
Furthermore, in order to examine the eff ects of plant growth 
form on leaf N, P and N:P, we related leaf N, P and N:P to 
environmental variables within each plant growth form. 

 We used general linear models (GLM) to quantify the 
eff ects of climate, soil and plant growth form on leaf chemi-
cal traits. Climate, soil and plant growth form were treated 
as fi xed factors, and site was treated as a random factor to 
account for the non-independence of leaf chemical trait 
within site.  F -tests were conducted by dividing the mean 
sum of squares (MS) of fi xed eff ect by a MS of random 
factor. Given that all the climatic (MAT and AP) and soil 
(soil N and P concentrations) variables are highly correlated 
with each other (Supplementary material Table A3), only 
one of the climate and soil variables was included in each 
main-eff ect model to avoid multiple collinearity in GLM 
(Supplementary material Table A4). Th e environmental 
variable which had signifi cant eff ect on leaf chemical traits, 
and interaction term between plant growth form and the 
environmental variable were included in the fi nal model. 
If more than one environmental variable was signifi cant, 
Akaike information criterion (AIC) was used to select com-
peting models: model with the lower AIC value was chosen 
as the fi nal model (Supplementary material Table A4). Sta-
tistical analyses were performed using R 2.12.0 (R Develop-
ment Core Team 2010).    

 Results  

 Statistics of leaf N, P and N:P 

 Leaf N concentration ranged from 8.4 to 56.4 mg g –1 , leaf 
P from 0.27 to 5.58 mg g –1  and N:P from 3.8 to 53.2 
(Table 1). Leaf N, P and N:P varied 6-20 fold across spe-
cies. Th ey diff ered signifi cantly among plant growth forms. 
Both leaf N and P were higher in deciduous broadleaved 
species than in evergreen broadleaved and coniferous spe-
cies, whereas N:P was higher in evergreen broadleaved than 
in deciduous broadleaved and coniferous species (Table 1). 
Among the three leaf chemical traits, leaf P showed the 
greatest variation with an overall mean CV of 0.53, followed 
by N:P (CV  �  0.41) and N (CV  �  0.31) (Table 1). Variation 

in leaf P was also greater than in leaf N and N:P within 
deciduous and evergreen broadleaved plants.   

 Changes in leaf N, P and N:P along 
environmental gradients 

 For all species pooled together, leaf N, P and N:P were 
signifi cantly related to latitude ( p   �  0.001,  r  2   �  0.11, 0.32 
and 0.21, respectively). Both leaf N and P increased but 
N:P decreased with increasing latitude (Fig. 2). Leaf P had 
the steepest slope against latitude with a 3.0-fold change 
across the 32 °  latitude-span, followed by N:P with a 2.0-fold 
change and N with a 1.5-fold change. 

 Leaf chemical traits were also signifi cantly related to cli-
mate (MAT and AP) and soil N, P concentrations (with all 
 p   �  0.001, Fig. 3). In general, leaf N and P responded to 
environmental variables in the same direction: negatively to 
MAT and AP, and positively to soil N and P concentrations 
(Fig. 3a–h). Th e trends of leaf N:P along environmental gra-
dients were exactly opposite to that of leaf N and P. Leaf 
N:P was negatively related to soil N and P, while positively 
related to MAT and AP (Fig. 3i–l). However, the relation-
ships between leaf P and environmental variables were much 
stronger than those of leaf N and N:P (Fig. 3,  r  2   �  0.33, 
0.30, 0.15 and 0.30 for leaf P with MAT, AP, soil N and 
soil P, respectively;  r  2   �  0.09, 0.14, 0.06 and 0.05 for leaf N; 
 r  2   �  0.23, 0.16, 0.09 and 0.26 for leaf N:P). 

 For diff erent plant growth forms, leaf N was not related 
to environmental variables for any of the three groups (Fig. 
3a–d), while leaf P was signifi cantly related to all the envi-
ronmental variables for deciduous broadleaved plants, sig-
nifi cantly related to MAT and AP for coniferous plants, and 
related to soil P concentration for evergreen broadleaved 
plants (Fig. 3e–h). Within each plant growth form, N:P 
again showed opposite relationships with environmental 
variables to that of leaf P (Fig. 3i–l).   

 Effects of climate, soil and plant growth form 
on leaf N, P and N:P 

 A GLM analysis showed that for leaf N, only plant growth 
form and site were included in the fi nal model. Plant 
growth form explained 30.5% of the variation in leaf N, site 
accounted for an additional 8.0% of the variation (Table 2). 
For leaf P, the best model included plant growth form, MAT 
and their interaction as predictors; these variables explained 
28.1, 12.2 and 0.7% of the variation in leaf P, respectively; 
site accounted for an additional 21.3% of the variation 
(Table 2). Th e best model of leaf N:P had the same terms as 
that of leaf P. Nevertheless plant growth form only explained 
10.2% of the variation in N:P, and site accounted for 30.9% 
of the variation (Table 2).    

 Discussion  

 Patterns of leaf N, P and N:P along 
environmental gradients 

 We found that leaf P was more variable and more tightly 
associated with climate and soil than was either leaf N or 

  Table 1. Statistics for leaf N, P and N:P of woody plants in forests in 
eastern China.  

N (mg g  � 1 ) P (mg g  � 1 ) N:P ratio

n Mean CV  n Mean CV  n Mean CV

Deciduous 
broadleaf

358 25.7 a 0.25 357 1.85 a 0.47 352 16.4 a 0.39

Evergreen 
broadleaf

154 18.5 b 0.36 153 1.01 b 0.46 152 21.1 b 0.37

Conifer 19 15.6 c 0.27 21 1.40 b 0.44 19 13.8 a 0.54
All 531 23.2 0.31 531 1.59 0.53 523 17.6 0.41

   Comparisons among plant growth forms are performed using t-tests 
with Bonferroni corrections. Different superscript letters (a, b and c) 
indicate signifi cant differences (adjusted p  �  0.05) in the mean 
values. n, sample size; CV, coeffi cient of variation.   
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2007, He et al. 2008, Ordo ñ ez et al. 2009). Leaf N was 
mainly determined by shifts in plant growth form (decidu-
ous broadleaved/evergreen broadleaved/coniferous plants) 
along the latitudinal gradient, while leaf P and N:P were 
determined by both climate and plant growth form, as well 
as their interaction (Table 2).   

 Infl uences of climate and soil on leaf N, P and N:P 

 Th e GLM analysis showed that climate and soil had no 
signifi cant eff ects on leaf N when controlling plant growth 
form, while MAT and soil P concentration had signifi -
cant eff ects on leaf P (Table 2). Th e stronger infl uence of 
climate and soil on leaf P than on leaf N can be explained 
by the stronger response in P cycling induced by climate 
(Swenson et al. unpublished work, cited in Elser et al. 
2010). Contrasting to the adequate N supply in atmosphere 
and multiple mechanisms of N-fi xation, soil P is mainly 
derived from rock weathering and its diff usivity in soil 
solution is considerably lower than that of N (Fitter et al. 
1998, Lambers et al. 1998, Aerts and Chapin 2000). Th ere-
fore, soil P supply is strongly infl uenced by shifts in climate, 
and consequently aff ects leaf P content. Th e fi nal general 
linear model of leaf N:P had the same explanatory terms 
as that of leaf P because leaf P is more variable than leaf N 
and leaf N:P is determined largely by leaf P (G ü sewell and 
Koerselman 2002, Ordo ñ ez et al. 2009). 

 In the fi nal GLM models, site explained 8.0, 21.3 
and 30.9% of variance in leaf N, P and N:P, respectively 
(Table 2). Th ese variance components represent the among-
site variability which had not been captured by the climate 
and soil. Th ere are also considerable unexplained variances 
for leaf N, P and N:P (61.5, 37.8 and 44.7%, respec-
tively), which may be explained by various sources, such 
as unquantifi ed micro-environments, species-specifi c vari-
ability, soil chronosequences and disturbance (Westoby and 
Wright 2006, Garnier et al. 2007, Ordo ñ ez et al. 2009, 
Dur á n et al. 2010).   

 Infl uences of plant growth form on leaf N, P and N:P 

 Plant growth form explained 30.5, 28.1 and 10.2% of vari-
ance for leaf N, P and N:P, respectively (Table 2). Accord-
ing to the  growth rate hypothesis  (Sterner and Elser 2002, 
Elser et al. 2003,  Å gren 2004, Vrede et al. 2004), decidu-
ous broadleaved plants with short leaf lifespans have higher 
growth rate, therefore are rich in N and have higher photo-
synthetic rates than do evergreen broadleaved plants (Reich 
et al. 1992, Wright et al. 2004). Leaf P can also be deter-
mined by plant growth form because N and P are combined 
in organic chemicals and are both regulated by plant growth 
(Lambers et al. 1998, Aerts and Chapin 2000). Moreover, 
leaf P is present not only in organic forms (i.e. nuclear acid) 
but also in inorganic forms (i.e. orthophosphate). Th e inor-
ganic P forms comprise a considerable proportion of leaf 
P (Chapin and Kedrowski 1983, Sterner and Elser 2002), 
which mainly exist as storage materials from luxury accu-
mulation, and thus frequently refl ect the soil P availability 
(Mulligan 1989, Sterner and Elser 2002, Oyarzabal and 
Oesterheld 2009). Th erefore, leaf P is aff ected by both plant 

N:P (Table 1, Fig. 3), in agreement with the previous stud-
ies conducted for the various plant groups and in diff er-
ent geographical regions (G ü sewell and Koerselman 2002, 
Kerkhoff  et al. 2005, Lovelock et al. 2007, Townsend et al. 

  Figure 2.     Leaf N, P and N:P in relation to latitude. Points and error 
bars show means and standard errors for each site, and regression 
lines are fi t to the raw data.  
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 Besides the main eff ects of plant growth form on leaf 
chemistry, it is noteworthy that the interaction between 
growth form and mean annual temperature signifi cantly 
infl uenced leaf P and N:P (Table 2). None of the plant 
growth forms showed signifi cant trends in leaf N along envi-
ronmental gradients, while leaf P and N:P of the deciduous 
broadleaved plants were associated with climate and soil 
(Fig. 2). Previous experimental and fi eld studies also found 

growth form and environmental factors. Compared to the 
eff ects of plant growth form on leaf N and P, plant growth 
form only explained 10.2% of variance on leaf N:P, which 
may be caused by the positive relationship between leaf N 
and P (Niklas et al. 2005, Reich et al. 2010); both leaf N 
and P increased with increasing plant growth rate, thus dif-
ferences of leaf N:P among plant growth forms are weakened 
by the change in leaf N and P ( Å gren 2004). 

  Figure 3.     Leaf N, P and N:P in relation to environmental variables. (a–d) leaf N concentration; (e–h) leaf P concentration; (i–l) leaf N:P. 
Environmental variables include: (a, e, i) mean annual temperature (MAT); (b, f, j) annual precipitation (AP); (c, g, k) soil N concentration; 
and (d, h, l) soil P concentration. Lines were plotted for relationships with  p   �  0.05.  

  Table 2. Summary of general linear models for the leaf N, P and N:P.  

logN logP logN:P

Main-effect model Final model Main-effect model Final model Main-effect model Final model

Factor DF MS  F SS% DF MS  F SS% DF MS  F SS%

GF 2 1.56  127.66 30.5% 2 3.83  188.20 28.1% 2 0.89  56.83 10.2%
Environmental variables

MAT 1 0.06 0.91 1 3.32  6.88 12.2% 1 2.39  5.30 13.7%
AP 1 0.07 1.05 1 1.78 2.92 1 1.14 2.05
Soil P 1 0.01 0.13 1 3.14  6.32 1 2.92  7.17 
Soil N 1 0.03 0.52 1 0.77 1.10 1 0.56 0.92

Random factor
Site * 12 0.06  13.96 8.0% 12 0.48  24.06 21.3% 12 0.45  29.07 30.9%

Interaction term
GF:MAT – – – 2 0.09  4.61 0.7% 2 0.05  3.21 0.6%

    F  values of environmental variables were corrected by the random effect (site).  F  values in bold indicate  p   �  0.05. Abbreviations: MAT, mean 
annual temperature; AP, annual precipitation; GF, plant growth form.  * DF, MS and  F  values of site differ in the four main-effect models, 
values given here are calculated from the fi nal model.   
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that deciduous plants were more sensitive to temperature 
than evergreen species, and the diff erent responses between 
deciduous and evergreen plants were explained by their con-
trasting growth strategies (Way and Oren 2010). Evergreen 
plants are mainly distributed in sites with low nutrient 
availability (Givnish 2002), and thus their leaf traits might 
be adaptive to the limited nutrient supply, such as longer 
leaf lifespan, lower nutrient content and more allocation 
to structural components (Takashima et al. 2004, Wright 
et al. 2004, 2005). Th ese economic strategies may have 
constrained evergreen species in their ability to respond to 
changing environmental conditions (Chapin et al. 1995, 
Valladares et al. 2000).   

 Linking leaf chemical traits with ecosystem 
functioning and nutrient cycling 

 Our results are helpful for understanding the link between 
leaf chemical traits and ecosystem functioning. We found 
that leaf N is mainly determined by plant growth require-
ments, while leaf P is regulated by the environment in addi-
tion to plant growth. Th ese fi ndings suggest that leaf N is 
more stable and has stronger stoichiometric homeostasis 
than leaf P. Similar evidence can be found in a recent study 
(Yu et al. 2010): at the species level, the homeostatic regula-
tion coeffi  cient of N (H N ) is higher than that of P (H P ), indi-
cating that leaf N is more invariable relative to the external 
world (Sterner and Elser 2002). Moreover, H N  was much 
more tightly associated with key aspects of ecological per-
formance than H P  (Yu et al. 2010). Th ese evidences support 
our results that leaf N is more constrained by plant growth 
requirements than leaf P, and indicate leaf N is more tightly 
linked with ecosystem functioning. 

 Given that leaf chemistry is a critical component in 
nutrient cycling, the responses of leaf chemical traits to cli-
mate, soil and plant growth form will help us to understand 
the infl uence of future climate change on nutrient cycling 
(Chapin 2003, D í az et al. 2004). Our analyses highlight 
that leaf P is more fl exible than leaf N in responses to chang-
ing environment. Indeed, such a characteristic is also found 
in other reservoirs of P and N elements. For example, litter 
P responds more obviously to nutrient addition than litter 
N (Vitousek 2004); concentration of soil P is much more 
variable than that of N in China ’ s biota (CV  �  0.95 vs 1.99 
for N vs P) (National Soil Survey Offi  ce of China 1997, 
1998). Th ese further support our fi ndings that N cycling 
is mainly controlled by biotic factors, while P cycling is 
jointly controlled by biotic and abiotic factors. In this way, 
our fi ndings help to improve our understanding of N and 
P cycling, and modeling ecosystem nutrient cycling under 
the global change.         
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