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ABSTRACT
Plant leaf traits and their changes along environmental gradients, reflect their environmental adaptability.
Few studies have examined the relationship between the intraspecific leaf-trait and the climate on the Tibetan
Plateau. We determined the leaf traits of Hippophae tibetana Schlecht., a non-legume species with symbiotic
N fixation (SNF), at 25 sites on the Tibetan Plateau and explored the relationship between leaf traits and the
local climate. These leaf traits included leaf length/leaf width ratio (LL/LW), leaf mass per area (LMA), leaf
nitrogen (N), phosphorus (P) and potassium (K) concentrations. We found that (i) N was negatively related
to LMA, leaf nitrogen, P, and K were positively correlated with each other and the leaf LL/LW ratio was
positively related to leaf P; (ii) leaf N and P increased, while N:P ratio and LMA decreased with the increase
in annual mean temperature (MAT), and the Leaf K and LL/LW increased with increasing annual mean
precipitation (MAP). Our results showed that the leaf traits of H. tibetana on the Tibetan Plateau can be
modified by the climate, and factors on Tibetan Plateau can exert a strong evolutionary pressure on leaf
traits at the intra-specific levels. Out of our expectation, the growth of H. tibetana can be limited by P and K.
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INTRODUCTION

Green leaves are fundamental to the function of ecosystems
and the changes in their traits can indicate their adaptation
to the environment (Fahn & Cutler 1992, Wright et al.
2004a). Leaf stoichiometry traits such as nitrogen (N), phos-
phorus (P) content, N:P ratio, leaf mass per area (LMA), and
shape (length/width ratio) are fundamental leaf traits, and
their interrelations and changes along environmental gradi-
ents on a large scale may help to understand the pattern of
plant functional traits in relation to the climate and plant
evolution (Wright et al. 2004a, He et al. 2006, Osnas et al.
2013). However, previous studies on the relationships be-
tween leaf traits and the environment, mainly based on mean
functional trait values of species, but ignored the intraspecific
variability in plant leaf traits (Cécile et al. 2010). Intraspecific
functional variability of leaf traits can indicate the response
and adaptation of the plant to the environmental (Mclntyre
et al. 1999) and can be chosen according to the studied sys-
tem and selected traits and species, as well as on the study
objectives (Cécile et al. 2010).

Many studies showed similar patterns in the relationships
between leaf traits, and between leaf traits and environment
factors at the population (Wright et al. 2004a, Qi et al. 2009),

biome (He et al. 2006) and global scale (Reich & Oleksy
2004, Wright et al. 2004a, 2005a, 2005b).

Reich & Oleksyn (2004) observed that the global pat-
tern of leaf N and P concentrations were obviously influ-
enced by the climate. In addition, the temperature-plant
physiology hypothesis was put forward to explain the vari-
ability of geographical patterns in plant N and P concentra-
tions (Reich & Oleksyn 2004), which was based on the point
that all plant metabolic processes are temperature sensitive,
predicts that leaf N and P concentrations should increase and
compensate for the low efficiency of metabolic rate at low
temperatures. Leaf N:P ratio can be used to diagnose plant
nutrient limitation, N: P ratio < 14 generally indicating N
limitation, and a N:P > 16 suggesting P limitation
(Koerselman & Meuleman 1996).

Leaf N concentration was found to be negatively corre-
lated with LMA (Wright et al. 2005a). The LMA is a key
trait in plant growth (Lambers & Poorter 1992) and an im-
portant indicator of plant growth strategies (Grime 2001,
Westoby et al. 2002). Two opposite functional strategies can
be distinguished from the range of leaf trait variation that
defines the leaf economics spectrum (Wright et al. 2004b).
Species in arid, semi-arid or cold regions tend to have higher
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LMA (Schulze et al. 1998, Fonseca et al. 2000, Niinemets
2001, Wright 2001, 2004b, 2005a), lower leaf N concentra-
tion (Wright 2004a, He et al. 2006) and higher life-span
(Wright 2004a). Leaves associated with high LMA have thick
leaf blade, small and thick-walled cells to continue leaf func-
tions under very cold conditions (Wright 2004b). Species
with low LMA tend to have higher photosynthetic capacity
per unit leaf mass (Field & Mooney 1986, Reich et al. 1997,
Wright et al. 2001, Niinemets 2005), higher leaf N concen-
tration (Field & Mooney 1986, Reich et al. 1997, Diemer
1998) and lower lifespan (Wright 2004a).

Recent global data compilations have revealed the modu-
lation of climate on plant traits (Wright et al. 2005b). For
example, He et al. (2006) reported that on the Tibetan Pla-
teau, the modulation of climate on leaf traits mainly occurred
at the intra and interspecific levels. These studies showed
that the climate is one of the important factors that control
the intraspecific variability of leaf traits on the Tibetan Pla-
teau. This suggested that those wide distributed species with
the area of Tibetan Plateau can provide a unique opportu-
nity to study the relationship between intraspecific leaf traits
and the climate.

The Tibetan Plateau is characterized with high-altitude,
strong radiation, cold climate (very low mean annual tem-
perature) and is one of the most sensitive areas to respond to
global climate change (Liu et al. 2000, Yang et al. 2011) and
has had tremendous impact on the evolution and the devel-
opment of species, making it a centre of differentiation for
new species (Sun & Zheng 1998). Thus, the Tibetan Plateau
is an ideal place for studying plant traits change in relation
to the climate. However, no studies have detected the rela-
tionship between leaf traits of any individual species and
the climate on the Tibetan Plateau.

Hippophae tibetana Schlecht. is an endemic shrub

occurring on the Tibetan Plateau and a nitrogen-fixing plant
which has a symbiotic relationship with Frankia sp. (Lian et
al. 2000). This species grows mainly on sandy soils by river
banks or along river beds, mountain slopes, valleys and alpine
meadow and occupies a wide range of habitats from 2800m
to 5200m (a.s.l.) on the Plateau. It is the major pioneer tree
species for artificial reforestation (Lian et al. 2000). In such
a wide geographical area, there is a pronounced gradient of
climate (mean annual temperature MAT and mean annual
precipitation MAP), providing a unique opportunity to study
the leaf traits of this species.

In this study, we explored the patterns of the leaf traits
(N, P, K, N:P ratio, leaf shape and LMA) of H. tibetana in
relation to the climate in twenty-five nature populations.
Three aims were posed: (1) What are the relationships be-
tween leaf stoichiometry traits (N, P, K, N:P ratio) of H.
tibetana and the climate on eastern Tibetan Plateau; (2)
Whether the theory of the leaf economics spectrum could be
supported by the relationship between leaf traits of H.
tibetana and the climate; (3) Whether the environmental fac-
tors of the Tibetan Plateau can exert strong evolutionary pres-
sure on leaf traits at the intraspecific levels.

MATERIALS AND METHODS

Study area: The study area was located on the Tibetan Pla-
teau. Twenty-five natural populations of H. tibetana were
investigated spanning a wide geographical range of 29°-38°N
in latitude, 88° to 103°E in longitude, and 2869 to 4860m
a.s.l. in altitude (Fig. 1). Climate variation in the distribu-
tion area of H. tibetana is represented by a MAT range of -
5.87 to 4.53°C, and a MAP range of 222 to 766 mm. Within
the distribution area, MAP is positively correlated with MAT
(r2 = 0.514, p < 0.0001, n = 25).

Sampling and measurement: Leaf samples were collected
according to the protocol of Cornelissen et al. (2003). Every
15 fully expanded sun leaves in the east, south, west and
north directions were collected from each natural popula-
tion during the plant growing season (August-September
2010) and were mixed together to represent the leaves of the
population. On the day of collection, the leaf area of 45 leaves
of each population was measured immediately with a port-
able leaf-area meter (AM200; ADC Bioscientific Limited,
Herts, UK). The plant samples were dried for 48 h at 70°C
to a constant weight. Their dry masses were measured on a
semi-analytical balance. LMA was determined by the ratio
of dry mass and leaf area. Then the dry leaf was ground with
a porcelain mortar into a uniformly fine powder and sieved
through a 100-mesh screen before chemical analysis. For N,
P and K determination, the samples were digested in a solu-
tion of H

2
SO

4
-H

2
O

2
, and then N concentrations were meas-

Fig. 1: Sampling sites of Hippoph tibetana in this study.
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ured using a fully automatic azotometer (UDK159, VELP,
Italy), P concentrations were measured colorimetrically by
molybdenum blue spectrophotometry (6505 UV spectropho-
tometer, Jenway, Staffordshire, UK) and K concentrations
were measured by flame photometer (ZL-5100 atomic ab-
sorption spectrophotometer, USA). All the chemical
determinations were repeated three times with the same sam-
ples.

Climatic data: For each sample site, monthly mean tem-
perature and precipitation values (means over 1950-2000)
were extracted from a global climate database according to
the geographical coordinates of each sample site. MAT and
MAP were calculated using these monthly climate data.

Data analysis: The normality of the distribution in values
of the measured plant trait variables (leaf N, P, K, N:P ratio,
LMA and LL/LW) was tested using the Kolmogorov-
Smirnov test. A regression analysis was conducted to quan-
tify the relationship between leaf trait variables. As MAP is
positively correlated with MAT within the distribution area,
the collinearity tests were used to detect the presence of a
collinearity relationship between the leaf trait variables and
climate (MAP, MAT). A stepwise regression method was
then conducted to quantify the relationship between the leaf

trait variables and the climate.

A principal component analysis (PCA) was completed
to comprehensively define the relationships between leaf trait
variables and the interrelated changes in altitude and climate.
The figures and statistical analysis were completed with
Sigma Plot (Systat Software Inc. 2005) and SPSS (SPSS Inc.
2008).

RESULTS

Leaf traits of H. tibetana on eastern Tibetan Plateau: Leaf
nitrogen, P and K concentrations of H. tibetana averaged
28.41 mg/g, 1.66 mg/g , and 19.15 mg/g, respectively; and
their variations synchronized (positively correlated) across
the region (Fig. 2a, b, c, Table 1). The correlation coefficient
between leaf N and P (r2 = 0.324, p = 0.003) was much higher
than that between leaf N and K (r2 = 0.174, p = 0.038) and
that between leaf P and K (r2 = 0.320, p = 0.003). Leaf N:P
ratio averaged 17.85, and it was negatively correlated with
leaf P and K (Fig. 2f,g Table 1). LMA was 94.20 g/m2 on
average (range: 127.41 to 77.12 g/m2), decreasing with the
increasing leaf N (Fig. 2d, Table 1). Leaf LL/LW ratio was
5.04 on average and it was positively correlated with leaf P
(Fig. 2e, Table 1).

Variation in leaf traits with climatic variables: Leaf N
and P increased, while LMA and N:P ratio decreased with
the increase of MAT (Table 2). Leaf K and Leaf LL/LW ra-
tio increased with the increase of MAP (Table 2).

Integrative relationships among leaf N, P, K, N:P ratio,
LMA, LL/LW ratio, altitude, and climatic factors MAT
and MAP: Relationships among the leaf nutrient concen-
trations (N, P, K and N:P), altitude, and climatic factors
(MAT and MAP) were tested with principle component
analysis (PCA). The loadings of all the variables in the PCA
explain their interrelated changes (Fig. 3). The first princi-
pal component (PC1) explained 50.4% of the variance. It
showed that H. tibetana located at high altitude region, where
LMA was high and MAP, MAT and LL/LW were low (left
side of PC1 in Fig. 3), had low leaf N concentration. In con-
trast, H. tibetana located at low altitude regions, where LMA
was low and MAT, MAP, and LL/LW were high (right side
along PC1), had high leaf N concentration. These results in-
dicated that plant N (or N-fixation by Frankia) was favoured
by habitats at low altitude or high MAT. The second principal
component explained 16.7% of the total variance and showed
that changes in leaf N:P ratio was determined by leaf P and K.

DISCUSSION AND CONCLUSION

Leaf traits of H. tibetana on eastern Tibetan Plateau: The
relationships among leaf N, P, and K of H. tibetana on local
scale were similar to that on global scale (Wright et al. 2004a,

Fig. 2: Leaf trait relationships of Hippophae tibetana.
The lines are the significant regression between two variables with p <
0.05. (a) leaf P and N (r2 = 0.324, p = 0.003, n = 25); (b) leaf K and P (r2 =
0.320, p = 0.003, n = 25); (c) leaf N and K (r2 = 0.174, p = 0.038, n = 25);
(d) leaf LMA and N (r2 = 0.184, p = 0.032, n = 25); (e) leaf LL/LW and P (r2

= 0.197, p < 0.028, n = 25); (f) leaf P and N:P (r2 = 0.874, p < 0.0001, n =
25); (g) leaf K and N:P (r2 = 0.202, p = 0.024, n = 25).
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He et al. 2006). Leaf N, P and K were highly and positively
correlated with one another, which showed that they were
coordinate elements. The higher correlation between leaf N
and P than that of leaf N and K, and that of leaf P and K
suggested that N has different functions or development ori-
gins.

The magnitude of N
2
 fixed by H. tibetana (a N-fixing

plant), can be limited by the availability of P in terrestrial
ecosystems (Hungate et al. 2004). An N:P ratio of H. tibetana
> 16 indicates P limitation at a species level (Wassen et al.
1995, Koerselman & Meuleman 1996).

Out of our expectations, leaf K significantly influenced
N:P ratio of H. tibetana. Potassium plays an important role
as an activator of many enzymes in the process of photosyn-
thesis and respiration; K is also an important contributor to
the osmotic potential of cell and in stomatal control
(Sailsbury & Ross 1991). It suggested that the growth of H.
tibetana can be limited by P and K. Similar results were re-
ported that the growth of plants in herbaceous wetlands can
be limited by N and P as well as K (Verhoeven et al. 1996,
Olde Ven-terink et al. 2001, Olde Venterink et al. 2003).

Variations in leaf traits along an environmental gradi-
ent: The environment condition on the Tibetan Plateau was
harsh and characterized by low MAT, low air pressure, high

wind speed, and high UV-B radiation (Sun & Zheng 1998).
Environmental factors can exert strong evolutionary pres-
sure on plant physiology. Low MAT is the key limited fac-
tor of plant growth on the Tibetan Plateau. The first princi-
pal component indicated that leaf N of H. tibetana (or N-
fixation by Frankia) was favoured by habitats at low alti-
tude or high MAT (Fig. 3). Leaf N and P concentrations in
H. tibetana were positively corrected with MAT. These re-
lationships did not support the temperature-plant physiol-
ogy hypothesis (TPPH). According to which leaf N and P
concentrations should increase and can compensate for the
low efficiency of metabolic rate at low temperature (Friend
& Woodward 1990, Reich & Oleksyn 2004). Hippophae
tibetana can take up N, from both, soil and air through bio-
logical N fixation (Lian et al. 2000). Plant N-fixation is af-
fected markedly by soil temperatures (Sprent 1979, Reddell
et al. 1985, Danso et al. 1992). This view is supported by the
observation of Zhang et al. (2010), which reported that the
size of H. tibetana root nodules decreases significantly with
increasing altitude. Therefore, leaf N was positively corre-
lated with MAT, which is also consistent with that of the
flora of the Tibetan Plateau reported by He et al. (2006) and
that of Chinese sea buckthorn (Hippophae rhamnoides L.
subsp. sinensis Rousi) among Hippophae L. by Li et al.
(2014).

The leaf N:P ratio of H. tibetana increased significantly
with decreasing MAT, unlike the pattern of leaf N:P ratio
changing with MAT in other plant species reported by Reich
& Oleksyn (2004) and Yang et al. (2007) at global and re-
gional level, respectively. Our results showed that leaf N:P
ratio was determined largely by leaf P.

Though the N-MAT relationship did not support the
TPPH, the N-LMA relationship is consistent with the leaf
economics spectrum (Wright et al. 2004a, He et al. 2006).
Leaf mass per area (LMA) is related to the plant carbon as-
similation capacity. Species that occur in cold and high UV-
B radiation regions build thick small blades and led to high
LMA (Schulze et al. 1998, Fonseca et al. 2000, Niinemets
2001, Wright 2001, 2004b, 2005a). These traits are benefi-
cial to postpone leaf function and maintain appropriate leaf
temperature and high photosynthetic rate (Givnish & Vermeij
1976, Dolph & Dilcher 1980, Cunningham et al. 1999,
GregoryWodzicki 2000, Guo et al. 2013). But this limits
photosynthetic capacity and leads to low N and P due to
leaves with high mass per area having longer diffusion paths
from stomata to chloroplasts or greater internal shading of
lower chloroplasts (Parkhurst 1994, Green & Kruger 2001,
Wright 2004a, He et al. 2006). Our results suggested  that
LMA were negatively correlated with MAT. The first prin-
cipal component showed that the populations of H. tibetana
in high MAT or low altitude area have low LMA, high leaf

Fig. 3: Loadings of plant leaf traits (N, P, K, N:P, LMA, LL/LW), altitude
(ALT), and climatic factors (MAT, MAP) in a principal component analysis
of the sampling sites. The first and second principal components, PC1 and
PC2, explain 50.4% and 16.7% of the variance in the data respectively.
ALT - altitude, MAP - mean annual precipitation, MAT - mean annual
temperature, N - leaf N, P - leaf P, K - leaf K, N:P - leaf N:P ratio, LMA -
leaf mass per area, LL/LW - leaf length/leaf width ratio, PC1 - first principal
component, PC2 - second principal component.
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N contents. In contrast, populations of H. tibetana in low
MAT or high altitude areas have high LMA, low leaf N con-
centrations.

Leaf shape is one of the most diverse traits in plant spe-
cies, and the variation in leaf shape is likely to have evolu-
tionary and ecological consequences (Nicotra et al. 2011).
Leaf length/width ratio is usually used to quantify leaf shape.
Leaf shape is closely related to water stress (Jacobs 1999,
Zhang et al. 2012). In order to adapt to drought, H. tibetana
built thick leaf blade, small and thick-walled cells to con-
tinue leaf function under very dry conditions. The LL/LW
ratio of H. tibetana was positively correlated with MAP,
which suggested leaf shape of H. tibetana was sensitive to
MAP.

In conclusion, the relationships between leaf stoichiom-
etry traits and MAT in this study were inconsistent with those
reported previously on the global scale. It showed that SNF
plants have different relationships between leaf stoichiom-
etry traits and MAT. The N-LMA relationship is consistent
with the global and local pattern, providing additional sup-
port for the leaf economics spectrum theory at intraspecific
level. Leaf traits of H. tibetana such as leaf N, P, K, LL/LW
ratio and LMA, can be modified by the climate on the Ti-
betan Plateau. It suggested that the environmental factors on
Tibetan Plateau can exert a strong evolutionary pressure on

leaf traits at the intraspecific level.
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