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Abstract The objective of this paper was to assess the
congruency of leaf traits and soil characteristics and to
analyze the survival strategies of different plant functional
types in response to drought and nutrient-poor environ-
ments in the southeastern Ke’erqin Sandy Lands in China.
Six leaf traits—leaf thickness (TH), density (DN), specific
leaf area (SLA), leaf dry weight to fresh weight ratio (DW/
FW), leaf N concentration (Nmass), and N resorption
efficiency (NREmass)—of 42 plant species were investi-
gated at four sites. The correlations between leaf traits and
soil characteristics—organic C (OC), total N (TN), total P
(TP), and soil moisture (SM)—were examined. We found
that the six leaf traits across all the 42 species showed large
variations and that DW/FW was negatively correlated with
OC, TN, TP, and SM (P< 0.05), while other leaf traits
showed no significant correlations with soil characteristics.
To find the dissimilarity to accommodate environment, a
hierarchical agglomerative clustering analysis was made of
all the species. All the species clustered into three groups
except the Scutellaria baicalensis. Species of group III
might be most tolerant of an arid environment, and species
of group II might avoid nutrient stress in the nutrient-poor
environment, while group I was somewhat intermediate.
Therefore, species from the different groups may be
selected for use in vegetation restoration of different sites
based on soil moisture and nutrient conditions.

Keywords leaf thickness, leaf density, specific leaf area,
leaf dry matter content, leaf N concentration, N resorption
efficiency

1 Introduction

Leaf traits are currently gaining high priority in the
research agenda of plant ecology because they are
associated with many critical aspects of plant growth,
reproduction, and ecosystem function and can be used as
indicators of how plants use nutrients and water (Westoby,
1998; Craine et al., 2001; Wright et al., 2004; Niklas et al.,
2007). While leaf traits are used for classification or
analytical purposes, they should be consistent in space and
time (Garnier et al., 2001). The consistency of traits and the
environment should be assessed when they are used to
predict the behavior of species at the community level
because all leaf traits are variable (Roche et al., 2004).
The identification of correlations between leaf traits and

environmental conditions is almost as old as ecology itself
(Wright et al., 2002). Trait-environment linkages, or
consistent associations between sets of plant attributes
and certain environmental conditions, are the consequence
of natural selection that eliminates some species but not
others, irrespective of the species involved (Woodward and
Diament, 1991; Keddy, 1992; Díaz et al., 1998). Climate
and disturbance tend to act to decrease the area that
describes the spatial heterogeneity of species distribution.
At any particular site, only those species whose traits are
viable, first under the prevailing climatic conditions, and
then under the predominant disturbance regime, have the
opportunity to exist in that site (Lavorel and Garnier,
2002).
Leaf traits are often used for comparative studies both

among species and among communities. For example, low
specific leaf area (SLA) has been shown to be advanta-
geous in low-resource or harsh situations (Poorter and
Garnier, 2007), and high leaf thickness (TH) is often
related to a great tolerance to drought (Chandra et al.,
2004), but some studies showed an important decrease in

Received February 16, 2009; accepted March 26, 2009

E-mail: zengdh@iae.ac.cn

Front. Biol. China 2009, 4(4): 477–485
DOI 10.1007/s11515-009-0034-5



TH under low irradiance and an important increase in leaf
density (DN) under low soil water availability (Groom and
Lamont, 1997; Niinemets, 2001). It may, therefore, be
asked which traits can be used to classify species relative to
environments.
A combination of extensive agricultural activities and

overgrazing, accompanied by an increased human popula-
tion density, can lead to land degradation, as has been the
result in grasslands at the Ke’erqin Sandy Lands of
northern China. In recent years, croplands have been
returned to grassland and woodland in this region to
improve the local environment under China’s grain-for-
green policy (Wang et al., 2007). However, the congruency
of leaf traits and soil characteristics remains poorly
understood in this system, especially in the context of
vegetation restoration, and little is known about which
species are better adapted to flourish in nutrient-poor and
arid habitats. In this study, we analyzed six leaf traits of the
42 most abundant species in the southeastern Ke’erqin
Sandy Lands. The purposes of this study were to: a) test
whether there are any significant relationships between leaf
traits and soil characteristics; b) group species according to
the variability of leaf traits; and c) explore the ability of
species to adapt to arid and nutrient-poor habitats.

2 Materials and methods

2.1 Study site

The field study was conducted at the Daqinggou
Ecological Station, the Institute of Applied Ecology,
Chinese Academy of Sciences, geographically located in
the southeast part of the Ke’erqin Sandy Lands (42°52′ N,
122°55′ E; elevation, 246 m). The area is in the temperate
climatic zone, located in the dry sub-humid region, where
it is cold and dry in winter and warm and humid in summer.
The mean annual temperature is 6°C. Mean annual
precipitation is 450 mm. The annual potential evaporation
is about 1780 mm, and the frost-free period is about
150 days. The annual average relative air humidity is 58%.
The soil is a coarse sandy soil (Typic Ustipsamment)
derived from sandy parent material through the action of
wind and is deficient in N and P (Chen et al., 2006).
Given the current land cover/vegetation landscape

available at the Daqinggou Ecological Station, we chose
four different site types and their dominant species to
obtain sufficient variation to assess the congruency of
species and soil characteristics. Site 1 is a sparse woodland,
denoted SW, and the dominant species are Pinus sylvestris
var.mongolica (planted in 1991 with 2-year old seedlings),
Armeniaca mandshurica, Ulmus pumila, Polygonum
divaricatum, and Cannabis sativa. Site 2 is a pine forest,
denoted PF, comprising an 8-year old Pinus sylvestris var.
mongolica plantation (planted in 2002 with 4-year old
seedlings) with understory dominant species of Thalictrum

simplex, Phragmites communis, and Chenopodium acu-
minatum. Site 3 is a shelterbelt, denoted SH, comprising a
Populus xiaozhuannica shelterbelt (planted in 1991 with 2-
year old seedlings) with understory dominant species of
Saussurea japonica, Sanguisorba officinalis, Cirsium
setosum, and Artemisia sieversiana. Site 4 is an abandoned
cropland replaced with trees and shrubs introduced to the
area in 2002, denoted IA, comprising dominant species
Fraxinus chinensis, Catalpa ovata, Amaranthus retroflexu,
Plantago asiatica, Chenopodium glaucum, and Polygo-
num nodosum. The sampled area in each site was nearly
4000 m2.

2.2 Leaf sampling and measurements

We selected the most abundant plant species within the
sites in the study region. A total of 42 plant species
(accounting for about 40% of the total number of species at
the Daqinggou Ecological Station) were involved, belong-
ing to 19 families. There were 11 annual herbs, three
biennial herbs, 14 perennial herbs, two subshrubs, five
shrubs, and seven trees (Table 1). All trees and shrubs in all
the four sites were planted by hand in 1991 or 2002 based
on recruitment patterns/key plant distributions noted in the
region (Jiang et al., 2002).
Green leaves were sampled from July to August in 2006,

while senescent leaves were collected in late September
2006. For Pinus sylvestris var. mongolica, the current-year
needles were collected; for other green leaves, fully
mature, intact leaf blades were collected. To reflect the
intraspecific variation in leaf traits, samples were taken
from at least 15 individual plants for each species (five to
ten for woody species), and 30–50 green leaves were
collected. In an attempt to minimize errors, leaf sampling
was carried out in the morning (Roche et al., 2004), and for
trees and shrubs, leaves from branches at the four cardinal
directions were collected, as nutrient concentration might
vary with leaf position (Oliveira et al., 1996); there was no
position limit for subshrub and herbage. The petioles were
removed before all tests (Garnier et al., 2001). For
senesced leaves, 30–50 yellow, intact leaf blades were
collected for each species.
The green leaves of each species were cut in the morning

and immediately wrapped in moist paper, sealed in dark
plastic bags, and maintained at 5°C overnight to produce a
standard degree of turgor. Then the leaves were dabbed
with clean, dry paper to remove any surface water and
weighed immediately to determine their saturated fresh
weight. A picture of each leaf surface was taken with a
digital camera, and one-sided leaf surface area was
measured with Photoshop software (version 7.0). Leaf
thickness was measured with Vernier calipers. Finally,
samples were oven-dried at 65°C for two days to a constant
weight, and their dry weights were recorded. Senescent
leaves were also oven-dried at 65°C for two days before
chemical analysis.
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To analyze leaf N concentration of green and senescent
leaves, the dried leaves were ground to a homogenous
powder using a mill and screened with a 0.25 mm sieve
before chemical tests were carried out. A sample of 0.04 g
of leaf powder was digested with H2SO4-H2O2, and N
concentration was determined on a continuous-flow
analyzer (AutoAnalyzer 3, Bran+ Luebbe GmbH, Ger-
many).

2.3 Soil sampling and analysis

A random-sample method was used for soil sampling in
mid-August of 2006, and samples were taken on the days
when there was no rain fall for more than two days, to
reflect the available soil water capacity of each site. Three
soil samples were collected at a depth of 0–20 cm for each
site. Each of these three samples comprised a mixture of
ten soil cores to ensure that each sample was representa-
tive.
Each soil sample was sifted to remove> 2 mm coarse

fraction and then air-dried before chemical analysis. The
concentration of total N (TN) was determined following
the same procedures as for leaves as described above. Total
P (TP) was determined following H2SO4-HClO4 digestion;
organic carbon (OC) was determined by using the
K2Cr2O7-H2SO4 oxidation method (Liu, 1996). To
determine soil moisture content (SM), 10 g of soil from
each soil sample was dried in an air-forced oven at 105°C
to a constant weight.

2.4 Data analysis

Leaf volume was calculated as the product of leaf area and
leaf thickness (TH). Leaf density (DN) was calculated as
the ratio of leaf dry weight to volume. Specific leaf area
(SLA) was determined as the ratio of leaf area to dry
weight. Leaf dry weight-to-fresh weight ratio (DW/FW)
was calculated as the ratio of leaf dry weight to saturated
fresh weight, where low values indicate leaf succulence,
and high values, non-succulence (e.g. sclerophyllous
leaves). Leaf N concentration (Nmass) was expressed as
per-unit dry weight, and N resorption efficiency (NREmass)
as a percentage was calculated with the following formula
(Helmisaari, 1992):

NREmass ¼
C1 �M1 –C2 �M2

C1 �M1
,

where C1 indicates nitrogen concentration in green leaf;M1

indicates dry weight per green leaf; C2 indicates nitrogen
concentration in senescent leaf; and M2 indicates dry
weight per senescent leaf.
Statistical analyses were carried out in a stepwise

procedure. One-way ANOVA is a variance decomposition
method that allows testing between- and within-group
variance levels according to one or several categorical

variables (or factors). To estimate the variation linked to
site level, the ANOVA therefore provides an integrative
approach. One-way ANOVA was used to test for
significant differences in soil characteristics among sites,
and in leaf traits both among sites (considering species
found in more than one site as different species) and among
species groups across sites (considering species found in
more than one site as the same species, and calculating the
mean value). Pearson’s correlation was used to test the
relationship within or between plant traits and soil
characteristics across the four different sites. To classify
species, we used the hierarchical agglomerative Q
clustering method described by Leishman and Westoby
(1992). The details were as follows: the six leaf traits were
standardized (Z scores), the index of dissimilarity between
groups was calculated with within-groups linkage, and the
index of dissimilarity within groups was calculated with
squared Euclidean distance. The basic classification tenet
was to make the dissimilarity between groups larger while
making the dissimilarity within groups smaller. All
statistical analyses were done using SPSS (16.0).

3 Results

3.1 The general pattern of leaf traits

Overall, six leaf traits across all the 42 species showed
large variations (Table 1), with the following ranges: 0.17–
1.38 mm for TH; 0.043–0.500 g$cm–3 for DN; 5.00–
41.09m2$kg–1 for SLA; 0.10–0.67 for DW/FW; 12.22–
31.92 g$kg–1 for Nmass; and 33.31%–95.14% for NREmass.
The arithmetic means of these parameters were 0.54 mm,
0.122 g$cm–3, 19.64 m2$kg–1, 0.29, 23.84 g$kg–1, and
72.02%; the coefficients of variation (CVs) of these
parameters were 39%, 42%, 25%, 38%, 20%, and 18%,
respectively.

3.2 Soil characteristics and leaf traits under different sites

The selected site types provided ample variability for
analysis. Soil characteristics in the four sites are shown in
Table 2. The PF and SW sites had lower values in the four
soil parameters (OC, TN, TP, and SM) than IA and SH
sites, and the four soil parameters were lowest for the PF
site.
Leaf trait measurements for 42 dominant species

provided sufficient variability for analysis (Fig. 1). Only
some leaf traits differed significantly between sites when
compared using one-way ANOVA applied to variations in
all the species. TH of site IA was significantly higher than
that of sites SW and SH (P< 0.05). DW/FW was
significantly higher at site PF than at the other three
sites, and it was significantly lower at site SH than at sites
SW and IA (P< 0.05).
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Table 1 Taxonomic and life-form classification of 42 plant species

family species Life form site code

Amaranthaceae Amaranthus retroflexu AH IA 1

Asclepiadaceae Cynanchum amplexicaule PH SH 2

Bignoniaceae Catalpa ovata T IA 3

Chenopodiaceae Chenopodium acuminatum AH SW, PF 4

Chenopodium glaucum AH IA 5

Compositae Artemisia sieversiana BH SW, PF, SH 6

Cirsium setosum PH SH 7

Eupatprium lindleyanum PH SH 8

Inula japonica PH PF 9

Lactuca indica BH PF 10

Picris dahurica BH SH 11

Saussurea japonica PH PF, SH 12

Sonchus brachyotus PH SH 13

Fabaceae Amorpha fruticosa S PF 14

Caragana microphylla S PF 15

Lespedeza bicolor S PF 16

Lespedeza davurica SS SW 17

Lespedeza hedysaroides SS SW, PF, SH 18

Vicia amoena AH SW 19

Geraniaceae Erodium stephanianum AH SW 20

Labiatae Leonurus artemisia AH SW, PF 21

Scutellaria baicalensis PH SH 22

Moraceae Cannabis sativa AH SW, PF 23

Oleaceae Fraxinus chinensis T IA 24

Onagraceae Oenothera odorata AH SH 25

Pinaceae Pinus sylvestris var. mongolica T SW, PF 26

Plantaginaceae Plantago asiatica PH IA 27

Poaceae Digitaria sanguinalis AH SW 28

Miscanthus sacchariflorus PH SH 29

Phragmites communis PH SW, PF, SH 30

Setaria lutescens AH SW, SH 31

Polygonaceae Polygonum divaricatum PH SW, PF 32

Polygonum nodosum AH IA 33

Ranunculaceae Thalictrum simplex PH PF, SH 34

Rosaceae Armeniaca mandshurica S SW 35

Potentilla chinensis PH SW, PF, SH 36

Sanguisorba officinalis PH SH 37

Salicaceae Populus bolleana T SW 38

Populus xiaozhuannica T SW, PF, SH 39

Salix gordejevii S SW 40

Salix matsudana T SH 41

Ulmaceae Ulmus pumila T SW, SH 42

AH, BH, PH, SS, S, and T represent annual, biennial, perennial, subshrub, shrub, and tree, respectively. SW, PF, SH, and IA represent sparse woodland, pine plantation
forest, shelterbelt, and abandoned cropland replaced with trees and shrubs introduced to the area, respectively.
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3.3 Relationships within/between leaf traits and soil
characteristics

A Pearson’s correlation coefficient matrix for leaf traits and
soil characteristics is presented in Table 3. All soil

characteristics were strongly positively correlated with
each other (P< 0.01). DW/FW was negatively correlated
with all the soil characteristics (OC, TN, TP, and SM)
(P< 0.05), while all the other leaf traits showed no
significant correlations with any soil characteristics.

Table 2 Soil characteristics of the four sites g$kg–1

site organic C total N total P soil moisture

SW 2.80c 0.21c 0.08b 12.8b

PF 1.65d 0.10d 0.04c 9.8b

SH 5.30a 0.56a 0.12a 57.8a

IA 4.43b 0.35b 0.13a 47.8a

SW, PF, SH, and IA represent sparse woodland, pine plantation forest, shelterbelt, and abandoned cropland replaced with trees and shrubs introduced to the area,
respectively. The different letters in the same columns indicate significant differences (P< 0.05).

Fig. 1 Box plots of the leaf traits, with species grouped by site (SW: sparse woodland; PF: pine plantation forest; SH: shelterbelt; IA:
abandoned cropland replaced with trees and shrubs introduced to the area). The central box in each box plot shows the interquartile range
and median; whiskers indicate the 10th and 90th percentiles.
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We also found relationships among leaf traits (Table 3).
Leaf density (DN) and non-succulence (DW/FW) were
strongly positively correlated (P< 0.01). SLA was nega-
tively correlated (P< 0.05) with leaf density (DN) and
non-succulence (DW/FW) but strongly positively corre-
lated (P< 0.01) with Nmass. NREmass was negatively
correlated (P< 0.05) with TH and DW/FW; thus, resorp-
tion of N was greater in thinner leaves that were more
succulent.

3.4 Hierarchical agglomerative Q clustering

Species were clustered based on the dissimilarity of six leaf
traits. When the highest index of dissimilarity within
groups was 14.7% and the lowest index of dissimilarity

between groups was 19.7%, 42 species were classified into
four groups (Fig. 2). Scutellaria baicalensis had very low
comparability with other plant species, and it formed one
group.
The other 41 species were clustered into three groups,

which presented three different functional types. The
average leaf trait values of the three groups of species are
shown in Table 4. Group I included one tree (Populus
bolleana), four shrubs (Amorpha fruticosa, Caragana
microphylla, Lespedeza bicolor, and Salix gordejevii), two
subshrubs (Lespedeza davurica and Lespedeza hedysar-
oides), three annual herbs (Cannabis sativa, Erodium
stephanianum, and Vicia amoena), and four perennial
herbs (Miscanthus sacchariflorus, Phragmites communis,
Polygonum divaricatum, and Thalictrum simplex). All

Table 3 Pearson’s correlation coefficient within/between leaf traits and soil characteristics

OC TN TP SM TH DN SLA DW/FW Nmass

TN 0.993**

TP 0.959** 0.922**

SM 0.971** 0.970** 0.896**

TH – 0.153 – 0.148 – 0.167 – 0.124

DN 0.085 0.111 0.028 0.083 0.143

SLA 0.019 0.041 – 0.048 0.068 0.025 – 0.493**

DW/FW – 0.296* – 0.302* – 0.256* – 0.312* 0.002 0.382** – 0.492**

Nmass – 0.159 – 0.163 – 0.136 – 0.171 0.011 – 0.114 0.403** – 0.280*

NREmass 0.020 0.015 0.018 0.047 – 0.287* – 0.167 0.172 – 0.275* 0.088

OC: organic C; TN: total N; TP: total P; SM: soil moisture; TH: thickness; DN: leaf density; SLA: specific leaf area; DW/FW: leaf dry matter content; Nmass: leaf N
concentration; NREmass: N resorption efficiency. *: P< 0.05, **: P< 0.01.

Fig. 2 Clustering analysis of 42 species in the Ke’erqin Sandy Lands. The hierarchical agglomerative Q clustering method was used.
When the highest index of dissimilarity within groups was 14.7% and the lowest index of dissimilarity between groups was 19.7%, 42
species were classified into four groups, as indicated by the vertical broken line. The different numbers represent different species coded in
Table 1.

482 Front. Biol. China 2009, 4(4): 477–485



legumes belonged to group I. One-way ANOVA results
showed that certain leaf traits were significantly different
between groups (Table 4). The DN and DW/FWof group I
seemed to be higher, but TH and NREmass were lower than
in the other two groups. Group II included one tree (Ulmus
pumila), eight annual herbs (Amaranthus retroflexu,
Chenopodium acuminatum, Chenopodium glaucum, Digi-
taria sanguinalis, Leonurus artemisia,Oenothera odorata,
Polygonum nodosum, and Setaria lutescens), two biennial
herbs (Artemisia sieversiana and Lactuca indica), and five
perennial herbs (Cynanchum amplexicaule, Cirsium seto-
sum, Potentilla chinensis, Sanguisorba officinalis, and
Sonchus brachyotus). Out of the three groups, group II had
the highest SLA and NREmass, lowest DW/FW, and
intermediate thickness (TH) (Table 4). Group III included
five trees (Catalpa ovata, Fraxinus chinensis, Pinus
sylvestris var. mongolica, Populus xiaozhuannica, and
Salix matsudana), one shrub (Armeniaca mandshurica),
one biennial herb (Picris dahurica), and five perennial
herbs (Eupatprium lindleyanum, Inula japonica, Plantago
asiatica, and Saussurea japonica). Group III had the
highest TH, but DN and Nmass were clearly the lowest
among the three groups (Table 4).
The results from the one-way ANOVA used to estimate

the variation of six leaf traits among the three groups
(Table 4) can be summarized as follows. For leaf thickness
TH, group III> group II> group I (P< 0.01); leaf density
DN, group I> group II (P< 0.01); SLA and NREmass,
group II> groups I and III (P< 0.01); DW/FW, groups I
and III> group II (P< 0.01); and Nmass, groups I and
II> group III (P< 0.01). Therefore, in general, group I had
thinner, dense leaves with high N content and low N
resorption; group II had more succulent leaves with higher
N content and better N resorption (indicating avoidance of
low N condition in habitats); and group III had thicker
dense leaves with low N content (indicating tolerance to
drought and low N availability).

4 Discussion

4.1 Congruency of leaf traits and soil characteristics

We tested whether there were relationships between leaf
traits and soil characteristics. Only the dry weight-to-fresh
weight ratio (DW/FW) had a significant negative relation-
ship with all the four soil characteristics measured, OC,

TN, TP, and SM (P< 0.05). We assume that succulent
leaves would tend to have a lower DW/FW ratio than
sclerophyllous leaves. Another relevant point is that soil
with high soil organic matter content would tend to register
higher OC, TN, and TP and tend to retain more moisture
(high SM), in general, compared to soil with low soil
organic matter content. In this context, the result suggests
that species with more succulent leaves (group II) occur in
sites with higher soil organic matter content. In addition,
some studies concluded that DW/FW was a more stable
trait than SLA due to the lack of diurnal variation and/or
low inter-annual variability in DW/FW (Wilson et al.,
1999; Garnier et al., 2001). In our study, DW/FW was
more consistently related to soil characteristics than the
other leaf traits were. We, therefore, infer that DW/FW
might be a better indicator of the soil conditions in this
region than SLA or the other leaf traits measured.

4.2 Grouping of species according to variations in leaf traits

Grime et al. (1988) used multivariate techniques to define
species groups. They considered the range of classifica-
tions using between two and 27 attributes and having
between two and 15 clusters. They set up an optimality
criterion and searched the above range of possible
classifications to find the one that was best by that
criterion. In our study, we followed the method of Grime et
al. and classified the 42 species into four groups. Our
results did not show any evidence for further grouping at a
level subdividing the major life-form groups (e.g., herbs,
shrubs, and trees). However, variations among species
groups appear to be the largest. The differences between
other classifications (Box, 1981; Friedel et al., 1988) and
ours might reflect the differences in both species and their
habitations studied.

4.3 Survival strategies of different functional types

The ability of species to adapt to arid, infertile habitats
offers plants different survival strategies. Variations in leaf
traits between species exemplify adaptation that suggests
different survival strategies. Forty-one of the 42 species in
greatest abundance in our study were successfully
clustered into three groups based on variability in six leaf
traits. The leaf traits of the three groups suggest that the
plants deploy different strategies to survive the dry,
infertile conditions of the Ke’erqin Sandy Lands.

Table 4 Average leaf trait values of the three groups of species

group TH/mm DN/g$cm–3 SLA/m2$kg–1 DW/FW Nmass/g$kg
–1 NREmass/%

I 0.36c 0.169a 18.21b 0.35a 24.86a 63.20b

II 0.57b 0.079b 24.88a 0.19b 26.00a 81.67a

III 0.77a 0.123ab 14.77b 0.31a 19.11b 67.23b

TH: thickness; DN: leaf density; SLA: specific leaf area; DW/FW: leaf dry matter content; Nmass: leaf N concentration; NREmass: N resorption efficiency. The different
letters in the same columns indicate significant differences (P< 0.01).
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4.3.1 Survival strategies in response to drought

DW/FW indicates the value of the dry weight content of
the saturated leaf. Species with a low DW/FW usually
invest more resources into fast growth and reproduction
but have a less efficient use of nutrients and water
(Nogueira et al., 2004; Saura and Lloret, 2007). DW/FW
for groups I and III was significantly higher than group II
(Table 4); thus, we infer that species of groups I and III
could make better use of water than species in group II and
probably had greater tolerance to drought.
Under conditions of water deficiency, the dry weight of a

plant, as well as the photosynthetic rate and stomatal
conductance, is less than that under ample water conditions
(Ohashi et al., 2006). According to previous studies,
drought results in smaller mesophyll cells with thicker
walls (Utrillas and Alegre, 1997) and a greater fraction of
leaf tissue as cell walls (Fredeen et al., 1991). Both
alterations in leaf anatomy are likely to increase DN.
Meanwhile, other research also indicates that DN increased
with increasing soil water limitations (Witkowski and
Lamont, 1991; Groom and Lamont, 1997). We, therefore,
consider DN as a trait related to drought tolerance. Group I
had significantly higher DN than group II—group III was
not significantly different from either group I or group II
(Table 4)—thus, species of group I might have high
tolerance to drought.
From the result of Chandra et al. (2004), high TH was

often related to a great tolerance to drought. In our results,
TH of group III was significantly higher than groups I and
II, and TH of group II was also significantly higher than
group I (Table 4); therefore, species of group III might
have greater tolerance to drought.
Based on the discussions above, we may conclude that

species of group III probably have the best survival ability
against drought stress among the three groups.

4.3.2 Survival strategies in response to poor nutrition

Alonso and Herrera (2001) considered leaf nutrients as a
reflection of environmental change. In our study, different
plants had different leaf N concentrations. This indicates
that different plants probably needed different Nmass to
sustain normal growth, and thus, Nmass could reflect plant
survival strategy. Species with low levels of leaf nutrients
have a greater ability to tolerate a nutrient-poor habitat.
Species with a high level of leaf nutrients and high
resorption of leaf nutrients, which build up a high nutrient
condition internally, have an increased ability to avoid
nutrient stress in a nutrient-poor habitat. The difference
among growth forms is reported to reflect the difference in
growth rate of plants (Reich et al., 1992; Aerts and Chapin,
2000). In our study, most herbs had higher Nmass than trees
and shrubs. Previously, some research has indicated that
species could adapt to infertile conditions by their high
resorption of leaf nutrients (Aerts, 1996). The more

nutrients that plants get from senescent leaves, the more
that plants reduce their degree of dependence on soil
nutrient uptake (Jonasson and Chapin, 1985) and, for a
given productivity, increase their nutrient-use efficiency
(NUE) at the whole-plant scale, defined as NUE =
productivity / N uptake. This strategy is important for
species in nutrient-poor habitats.
Nmass of groups I and II was significantly higher than

group III, and NREmass of group II was significantly higher
than groups I and III. Therefore, species in group II
probably built up a high nutrient condition internally to
increase their ability to tolerate the nutrient-poor habitat.

5 Conclusions

The species in the southeastern Ke’erqin Sandy Lands
showed large variations in leaf traits, with DW/FW being a
better indicator of soil conditions than SLA or other leaf
traits. Variations in six leaf traits could be used to cluster
most abundant species into three groups. We argue that
survival strategies inferred from leaf traits prevalent in the
three groups could be linked to differences in tolerance and
avoidance in this dry and nutrient-poor environment.
According to different leaf traits, species of group III might
be most tolerant of an arid environment, and species of
group II might avoid nutrient stress in the nutrient-poor
environment, while group I was somewhat intermediate.
Species from the three different groups may be selected for
use in vegetation restoration of different sites based on the
soil moisture and nutrient conditions.
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