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Abstract We studied differences in nitrogen use
efficiency (NUE) among six species [Calamagrostis
epigejos (L.) Roth., Carex duriuscula C.A. Mey.,
Phragmites communis (L.) Trin., Salix gordejevii Y.L.
Chang, Salix cheilophila Schneid., and Typha minima
Funk.] growing in two contrasting habitat types, i.e., a
riverine wetland with high water supply and a riparian
zone with low water supply. The two sites were
different in soil water supply, but not in nitrogen
supply. Here, NUE was defined as the total net
primary production per unit nitrogen absorbed. There
was no significant difference in NUE between the
species growing in the riverine wetland (Carex
duriuscula, P. communis, S. cheilophila, T. minima)
and the species growing in the river bank (Carex
duriuscula, Calamagrostis epigejos, P. communis, S.
gordejevii). We further analyzed NUE as the product
of the nitrogen productivity (4, the rate of dry matter
production per unit of nitrogen in the plant) and the
mean residence time of nitrogen (MRT, the period of
time a unit of nitrogen is present in the plant). The
species growing in the riverine wetland had larger 4
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but lower MRT than the species growing in the river
bank. There was an inverse relationship between 4
and MRT. Consequently, NUE was similar among
species and habitats. These results suggested that
environmental factors, such as soil water supply, can
influence N use by plants.
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Introduction

Nitrogen (N) availability is closely associated with
plant productivity (Vermeer and Berendse 1983) and
often limits plant N uptake in terrestrial ecosystems
(Tilman 1985; Vitousek and Howarth 1991). To adapt
to the N limitation, plants should utilize the limited N
more efficiently. Therefore, it is important to study the
efficiency with which plants use this resource for
growth (Vitousek 1982; Aerts and Chapin 2000; Yuan
et al. 2006). Nitrogen use efficiency (NUE), a
measure of how a plant responds to soil nitrogen, is
generally defined as the amount of organic matter lost
or produced in a plant per amount of nitrogen used
(Hirose 1971; Vitousek 1982). However, Berendse
and Aerts (1987) proposed to redefine the concept of
NUE as the product of nitrogen productivity (4, the
rate of dry matter production per unit of nitrogen in
the plant) and the mean residence time of the nitrogen
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in the plant (MRT, the period of time a unit of
nitrogen is present in the plant), i.e., NUE=A xMRT.

The NUE in relation to habitat fertility has been
studied in many different species (e.g., Aerts and De
Caluwe 1994; Vazquez de Aldana and Berendse
1997; Nakamura et al. 2002). However, other factors,
such as water, could influence plant N use too. Soil
water supply affects nutrient transport, uptake, and
transformation. It may be the underlying cause of
variation in habitat fertility. Plants with different soil
water supply can have widely different traits such as
photosynthetic capacity, growth rate leaf N content
(Lambers et al.1998), and then N use strategies. To
our knowledge, there are few studies based on the
NUE index of Berendse and Aerts (1987), and the
effect of soil water supply on NUE and its two
components, i.e., 4 and MRT, has not been studied.
Furthermore, most of these studies according to the
NUE index of Berendse and Aerts (1987) were
carried out under controlled conditions (e.g., Aerts
and de Caluwe 1994; Vazquez de Aldana and
Berendse 1997; Yuan et al. 2007). Also, the relation-
ship between 4 and MRT is still under debate: some
studies suggest a negative relationship (Yasumura
et al. 2002; Silla and Escudero 2004), while others
have found no relationship (Aerts and de Caluwe
1994; Nakamura et al. 2002; Yuan et al. 2004). If the
trade-off between 4 and MRT exists among plants
growing in their natural habitats, is this trade-off
related to soil water supply?

In this paper, we used the NUE index defined by
Berendse and Aerts (1987) to study the N economy of
six broadly distributed species growing in two
contrasting habitats differing in soil water supply.
For woody shrubs, we measured A, MRT, and NUE at
the leaf level. Because leaf production is a major
component of primary production and most N is
invested in leaves, NUE at leaf level could be
expected to be closely related to that at whole-plant
level, and thus differences in whole-plant NUE could
be explained largely by leaf-level attributes (Escudero
et al. 1992; Garnier et al. 1995). More recently,
Yasumura et al.(2002) studied how the difference in
irradiance influenced the leaf-level NUE of canopy
and understory species in a beech forest. They
demonstrated that aboveground NUE of three shrub
species showed the same trend as the leaf-level NUE,
suggesting that aboveground NUE and its compo-
nents could be approximated by leaf-level values in
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these species. For perennial herbs, we measured A4,
MRT, and NUE at the aboveground level.

The purpose of this study was to address whether
NUE and its two components change among species
with different water supply. As the amount of soil
water supplied to the plant is reduced, the rate of
photosynthesis will decline (Lambers et al.1998).
Therefore, we hypothesized that plant nitrogen econ-
omy, particularly 4 and MRT, was different when
growing in habitats with different water supply.
Compared with species with low water supply,
species with high water supply would have higher 4
and thus higher NUE. MRT, however, is expected to
be similar among the species because leaf lifespan
and N resorption efficiency (Rggr, the percentage of N
recovered from senescing leaves), both of which
strongly affect MRT, do not vary appreciably among
these species (Eckstein et al. 1999; Yasumura et al.
2002). In the present study, we tested this hypothesis
by studying the nitrogen economy of six species
growing in two distinct natural habitats with different
water supply.

Materials and methods
Study site and species

The study was carried out in Duolun County, which is
located on the southern edge of the Hunshandake
Sandland in the central part of Inner Mongolia
Autonomous Region, China. This area belongs to a
typical agropastoral ecotone. The climate belongs to
the semiarid monsoon climate of a moderate temper-
ature zone. Mean annual precipitation is around
386 mm and mean annual temperature is 1.6°C, with
mean monthly temperature ranging from —18.3°C in
January to 18.5°C in July. The study site was situated
in a riparian zone along the Xiaohezi River, 2 km
south of Duolun Town (42°11'N, 116°48'E). We
selected two habitat types: riverine wetland and river
bank. The river bank was situated in the riparian zone,
5-10 m away from the riverine wetland. Table 1
contains data on site characteristics of the two
habitats. During the growing season (from June to
October), we selected five replicates, 50-100 m away
from each other, for each habitat. At each replicate,
three core soil samples, for analysis, were taken at 0—
20 cm depth from the riverine wetland and the river



Plant Soil (2007) 301:303-313 305
Table 1 Site characteristics of the riverine wetland and the river bank near Duolun County, China
Site Riverine wetland River bank
Soil type Coarse sand Coarse sand
Dominant plant species Salix cheilophila Salix spp.
Phragmites communis Hedysarum leave
Typha minima Carex spp.
Carex spp.
Site management Natural Natural
Bulk density (g cm ™) 1.70+0.14a 2.18+0.21b
Soil texture
Sand (%) 93.7+8.2a 92.549.3a
Silt (%) 4.6+0.4a 4.8+0.4a
Clay (%) 1.740.1a 2.7+0.2b
pH 7.5£0.6a 7.3£0.5a
Water holding capacity (%) 20.5+2.1a 23.2+£2.9a
Moisture (g H,0 g dry soil) 0.185+0.04a 0.055+0.02b
Soil organic matter (%) 0.25+0.02a 0.29+0.03a
Total N (mg g™ ") 0.14+0.01a 0.10+£0.02a
Inorganic N (NH; + NOj, mg kg 1.5+0.3a 1.2+0.2a
Available P (p.p.m) 2.1+0.2a 2.7+0.3b

Data are means and standard errors. Each replicate represents the average of eight sampling dates. Different letters indicate significant

(P<0.05) differences between habitats after ¢-test analysis

bank each month. Soil organic matter was estimated
from total organic carbon, determined by dry com-
bustion (Nelson and Sommers 1996), total N by the
semimicro Kjeldahl technique (Bremner and Mulva-
ney 1982), and available P according to Bray and
Kurtz (1945). Soil texture was determined by the
pipette method (Gee and Bauder 1986). Soil bulk
density was determined using a soil core (stainless
steel cylinders with a volume of 100 cm?®). Soil
moisture was determined gravimetrically by oven-
drying the samples at 105°C for 24 h. Water holding
capacity (WHC) was determined as the weight
difference between water-saturated soil and soil dried
at 100°C. The pH was measured in an aqueous soil
extract (1:2.5 soil:water ratio) by an electrode pH
meter. Inorganic nitrogen (NH; and NO; + NO;)
was measured in the soil samples for each site.
Approximately 20 g of moist sample were extracted
with 50 ml of 1 M KCI for 1 h, centrifuged, filtered,
and frozen for later analysis. The NH; and NO; +
NO, concentrations were measured colorimetrically
in these extracts using a continuous flow analyzer
(RFA-300, Alpkem Corp., Clackamas, OR, USA, and
Scan Plus analyzer, Skalar Analytical B.V., Breda, the
Netherlands). NH; and NO3 + NO; concentrations
were expressed per unit of soil dry mass (ug g '). The

data in Table 1 were averages of five replicates and
eight sampling dates. The results showed that the soils
underlying the study site consisted of coarse sand
with low soil N availability (Table 1). There was no
significant difference in soil N availability between
the two habitats. Soil moisture contents at both
habitats were lower than their maximum WHC. The
riverine wetland and the river bank sites differed
significantly with respect to water supply (P<0.01).
Average soil moisture was higher at the riverine
wetland site than at the river bank site during the
study period. The vegetation of the river bank
was dominated by shrubs such as Salix spp. and
Hedysarum leave Maxim., several graminoid species
such as Calamagrostis epigejos (L.) Roth., and Carex
species. The vegetation of the riverine wetland was
occupied by Salix cheilophila Schneid., Phragmites
communis (L.) Trin., Typha minima Funk., and
several Carex species.

In total, six species of vascular plants of two life
forms (woody shrubs vs perennial herbs) were
included in this study. S. gordejevii Y.L. Chang,
P communis, Carex duriuscula C.A. Mey., and
Calamagrostis epigejos were selected as the dominant
species in the river bank sites and S. cheilophila,
P. communis, Carex duriuscula, and T. minima as the
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species in the riverine wetland sites. S. gordejevii and
S. cheilophila are woody shrubs and the others are
perennial herbs. In particular, P. communis and Carex
duriuscula were present at both habitats, allowing us
to compare variation in N use traits at inter- and
intraspecific levels. Further, we selected two Salix
shrubs and thus we could also compare N use traits
between the congener species.

Calamagrostis epigejos is a perennial rhizomatous
grass widely distributed in the semiarid region of the
Inner Mongolia Plateau. Carex duriuscula, small to
middle sized, occurs in dry to somewhat moist
habitats. S. gordejevii, which grows on the sand
dunes, is a perennial shrub, widely distributed in the
study area. It survives in the shifting sand dunes as
pioneer species because of its high drought tolerance.
S. cheilophila is usually more abundant along the
streamside margins. This shrub grows to 2—5 m tall.
The worldwide distribution of P. communis and T.
minima reflects their ability to adapt to a wide range
of environments.

Plant biomass and nitrogen analyses

For woody shrub species, aboveground litter was
collected with litter traps during the growing season
in 2003. Litter traps (n=5 for each species) were
placed around each plant so as not to damage or shade
the plant. Litter was collected twice a month from
mid-June to later October, until leaf fall was complet-
ed. In the laboratory, litter samples were sorted into
leaf and other parts, and weighed after oven-drying at
70°C for at least 72 h. Total N concentration was
measured with an NC analyzer (KDY-9820, Tongrun
Ltd., China). Green leaves of shrub species were
sampled twice a month until leaf fall was completed.
Senesced leaves were sampled on 5 November 2003
by random collection from the ground. The samples
were dried and weighed, and then total N concentra-
tion was determined as described above.

For perennial herb species, 100 healthy looking,
roughly equal sized aboveground shoots of each
species were tagged at the beginning of the growing
season. The selected shoots (n=10 for each species)
were harvested twice a month. At each harvest, the
plants were clipped at the soil surface and immedi-
ately brought to the laboratory. Plant materials were
carefully separated into live and senesced tissues and
into leaves, axes (including leaf sheath), and repro-
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ductive parts (including the axis carrying the flowers).
All plant parts were dried, weighed, and then total N
concentration was determined as described above.

Definition and calculations

We calculated 4, MRT, and NUE as follows:

A= NPP/NPOOL (1)
MRT = Npoor/Nross (2)
NUE = 4 x MRT =NPP/N; oss (3)

where NPP, Npoor, and Nppgs are net primary
productivity, mean N content in a growing season,
and N loss, respectively. For woody shrub species,
NPP was the total dry mass of leaf litter. Npoor, Was
the average N content of green leaves, and Ny ogs Was
the total amount of N in leaf litter collected over the
growing season. Therefore, the leaf-level NUE of
shrub species can be measured as the inverse of N
concentration of leaf litter and the aboveground NUE
of shrub species can be measured as the inverse of N
concentration of aboveground litter (Vitousek 1982).
For perennial herb species, we calculated NPP as the
aboveground biomass of dead shoots in October and
total dry mass of litter, because the populations would
be stable and approach their maximum biomass. N
pool sizes of live and dead tissue were calculated by
the product of the mean N concentration and the mean
dry mass, respectively. The average annual N pool was
estimated as an average of N pool at each sampling
time. N loss was estimated as the total N found in the
plant at the October harvest and in the litter because
the aboveground parts of these species had died by this
time. Since rainfall is negligible in the region when
leaves senesce, leaching of N from leaves was assumed
to be minimal and was not taken into account. When
leaves senesce, part of leaf N is resorbed into storage
organs. The fraction of the leaf N pool annually
resorbed prior to leaf fall was then calculated as
resorption efficiency (Rgrp) (Yasumura et al. 2002;
Escudero and Mediavilla 2003; Yuan et al. 2005):

Rppr = (max Npoor — total N in leaf litter) /max Npoor,

(4)
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where max Npoop denotes Npoop at the seasonal
maximum and total N in leaf litter represents the total
N in leaf litter collected throughout the experiment. N
concentration in senesced leaves is considered a direct
indicator of N resorption proficiency (Rpror), which is
defined as the absolute level to which species reduce N
in senescent leaves (Killingbeck 1996), reported here
for N as concentration (mg N per g dry weight).
Consequently, plants with a lower N concentration in
freshly fallen leaves are more proficient than plants
with a higher concentration in senescing leaves.

Statistical analyses

Statistical tests were performed using SPSS version
10.0 (SPSS Ins., Chicago, IL, USA). The effects of
species, habitat, and life form on leaf N concentration,
NPP, N pOOl, N IOSS, A, MRT, NUE, REFFa and RPROF
were tested by three-way analysis of variance
(ANOVA). Differences between two variables were
tested by Student’s #-test, and differences among three
or more variables were tested by the Tukey—Kramer
test. The Spearman correlation was employed to
assess the relationship between 4 and MRT.

Results
Plant N status

For all species, N concentration in biomass (leaves,
shoots, and inflorescences) declined during the growing
season (Fig. 1). N concentration of green leaves
differed significantly among species and between life
forms (woody shrubs vs perennial herbs), but not
between habitats (Table 2). There was no significant
variation in N concentration of senesced leaves among
species, habitats, or life forms. In all species, green
leaves had significantly higher N concentration than
the senesced leaves (P<0.001) (Fig. 1). Aboveground
net productivity (NPP) varied significantly among
species, habitats, and life forms (Table 2). NPP was
lowest in Typha minima while highest in Salix
gordejevii. The species growing in riverine wetland
had higher NPP than those in river bank. Also, NPP
was higher in the woody shrubs than in perennial
herbs. The six species showed relatively similar N pool
patterns characterized by a distinct peak (Fig. 2).
Average N pool varied significantly among species,
habitats, and life forms (Table 2, Fig. 2), with the

a S gerdejevii b P. communis

:

C. duriuscula

FHN,
Preen,

C C. epigejos d

i

€ S. cheilophila

N concentration (mg g DM™)

f P. communis

g T minima h C duriuscula

Fig. 1 Seasonal changes in N concentration of species growing
in the river bank (a, b, ¢, d) and species growing in the riverine
wetland (e, f, g, h). n=5 for woody shrubs and n=10 for

Month

perennial herbs. Symbols: @ green leaf, O senesced leaf, A
shoot, * inflorescence, M total plant.
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Table 2 Results of the three-way ANOVA to assess the effects
of species, habitat, and life form on leaf N concentrations,
aboveground net primary productivity (NPP), plant N pool, N

loss, N resorption efficiency (Rgpr), aboveground nitrogen
productivity (4), aboveground nitrogen mean residence time
(MRT), and aboveground nitrogen use efficiency (NUE)

Dependent variable

Source of variation

Species Habitat Life form
N concentrations of green leaves <0.001 0.337 <0.001
N concentrations of senesced leaves 0.177 0.058 0.079
NPP <0.001 0.045 <0.001
N pool <0.001 0.032 <0.001
N loss <0.001 0.088 <0.001
Rgrr <0.001 0.024 0.002
Rpror 0.188 0.055 0.099
A <0.001 0.023 0.020
MRT <0.001 <0.001 0.039
NUE 0.254 0.154 0.218

See text for more detailed definitions and calculations of these parameters. Significant results (P<0.05) are shown in bold

lowest value in Carex duriuscula (1.8 mg green leaf N
per plant) and the highest value in Salix gordejevii
(112 mg green leaf N per plant). The species growing
in riverine wetland had a higher N pool (107 mg green
leaf N per plant on average) than those in river bank
(88 mg green leaf N per plant on average). Also, there
was significant variation in N loss among species and
between life forms, but not between habitats (Table 2).

N resorption

There was a significant difference in N resorption
efficiency (Rgpp) across species, habitats, and life
forms (Fig. 3, Table 2). Rgpr was highest in S
gordejevii and lowest in 7. minima. The species
growing in the riverine wetland had lower Rgpr (48+
6%) than those growing in the river bank (61+£4%).

80 80 6
a S gerdejevii b P communis C C. epigejos d ¢ duriuscula
200 |
60 | 60 |
4
40 |
100 |
= ?
— 20
=
<
=5
o 0 0 0
g J J A S O N J 1 A s O N
=
S 150 100 6
a € S. cheilophila h ¢ duriuscula
Z 80
100 | 4
60 |
40 |
50 + 2
20 |
0 0 0

>
»
)
z

Month

Fig. 2 Seasonal changes in N pool size of species growing in the river bank (a, b, ¢, d) and species growing in the riverine wetland (e,
f, g, h). n=5 for woody shrubs and n=10 for perennial herbs. Symbols: green leaf, [ ] senesced leaf, [Jjj shoot, inflorescence

@ Springer



Plant Soil (2007) 301:303-313

309

100 10
River bank Riverine wetland
80 | 1s
a
1
c
bec
be —~
ol v T [, -
S = d d a
< o0
= on
& &
S
40 t 14 2
a o~
a a a c a a ~
a a
20 1,
0 0
D © & \O & © O \O
O @\‘& & & A® N & &
g q R & & & & o
o o oL N o 0 & »
S 3 (o <> R ¢

Fig. 3 N resorption efficiency (Rgpp, percentage reduction of
nitrogen between green and senescing tissues) and N resorption
proficiency (Rpror, absolute reduction of nitrogen in senescing
tissues, unit is mg N per g DM). Means with SE. Differences
between all pairs refer to differences among species for Rgpp

Woody shrubs also had higher Rgpr than perennial
herbs. N resorption proficiency (Rpror), Which is
inversely related to the N concentration of senesced
leaves, did not differ significantly across species,
habitats, or life forms (Fig. 3, Table 2).

Nitrogen productivity (4), mean residence time
(MRT), and nitrogen use efficiency (NUE)

Both 4 and MRT varied significantly across species,
habitats, and life forms (Table 2, Fig. 4). 4 was lowest
in S. gordejevii (95+9 g g ' yr ') and highest in T.
minima (227422 g g ' year '). The species growing
in the riverine wetland had higher A than those
growing in the riparian zone (P<0.05) (Table 2). 4
was higher in perennial herb species than in woody
shrub species (P<0.05). In contrast to A4, MRT was
longer in S. gordejevii than in other species. The
species growing in the riverine wetland had lower

and Rpror and were tested using the Tukey—Kramer test.
Different letters indicate a statistical difference at P=0.05. n=5
for woody shrubs and n=10 for perennial herbs. Symbols: O
Rgpr, ®m Rpror

MRT (average: 2.0+0.2 years) than those growing in
the riparian zone (average: 2.7+0.3 years). NUE, the
product of 4 and MRT, was on average 364 g g ' N,
with the highest value of 414 g ¢! N in P. communis
growing in the riparian zone and the lowest value of
301 g g ' N in S. cheilophila growing in the riverine
wetland. Despite a 25% variation, NUE was not
significantly different across species (F=1.612, P=
0.254), habitats (F'=2.111, P=0.154), or life forms
(F=1.755, P=0.218).

NUE can differ depending on the tissue that is
evaluated (Garnier and Aronson 1998; Aerts and
Chapin 2000). We calculated aboveground NUE of
the two shrub species (as the inverse of N concentra-
tion of aboveground litter including senesced leaf and
stem; Vitousek 1982) and compared these to the leaf-
level NUE values. In S. gordejevii, aboveground NUE
(371£26 g g ' N) was slightly higher than leaf-level
NUE (332+15 g g ' N) due to low N concentrations
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Fig. 4 Relationship between N productivity (4, the rate of dry
matter production per unit of nitrogen in the plant) and mean
residence time of nitrogen (MRT, the period of time a unit of
nitrogen is present in the plant, estimated from N pool and
loss); means with SE. Symbols: @ P. communis growing in the
riverine wetland, O P. communis growing in the river bank, ll
Carex duriuscula growing in the riverine wetland, O Carex
duriuscula rowing in the river bank, A S. cheilophila, A S.
gordejevii, ® T. minima, * Calamagrostis epigejos

of branches and twigs (P=0.048). Aboveground NUE
for S. cheilophila (320423 g g ' N) was almost the
same as leaf-level NUE (310+18 g g ' N) (F=1.928,
P=0.214). There was no significant difference in
aboveground NUE between S. gordejevii and S.
cheilophila. Therefore, aboveground NUE showed
the same pattern as the leaf-level NUE, indicating that
aboveground NUE and its components can be
approximated by leaf-level values in these shrub
species.

Discussion

In this study, we studied the N economy of six species
growing in two habitats with different water supply.
The hypothesis that NUE and A4 are higher in the
riverine wetland than in the river bank habitats, and
that MRT is similar in the two habitats, was only
partly supported. The species growing in the riverine
wetland with adequate water supply had a signifi-
cantly higher 4 but a lower MRT than the species
growing in the riparian zone (Fig. 4). NUE, the
product of 4 and MRT, did not differ significantly
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between the two habitats with different water supply
(Table 2).

The NUE values of the six species in this study
(364 g g ' N on average) were fairly high when
compared with the range reported for other species
(60231 g g ' N in Vazquez de Aldana and Berendse
1997; 121-282 g g ' N in Nakamura et al.2002; 209—
296 g g ' N in Silla and Escudero 2006). The
perennial herb species growing in the riparian zone,
in particular, had relatively high NUE. NUE values of
the two Salix species (334 g g ' N for S. gordejevii
and 310 g g ' N S. cheilophila), though low, were still
higher than other Salix species (180 g g ' N in
Adegbidi et al. 2001); and NUE values of the three
herb species (average: 375 g g ' N) growing in the
riverine wetland were also higher than that reported
for other herb species (121282 g g ' N in Nakamura
et al. 2002). A high NUE is generally thought to be an
adaptation to N-poor habitats (Chapin 1980; Chapin
and Shaver 1989). The soils underlying the study site
had low soil N contents compared to those in the
above studies. Therefore, the high NUE we measured
very likely reflects the infertile soils at the study site
and the adaptation of the species to those infertile
soils.

Variations in NUE values within shrubs or herbs
showed the same pattern among all species. There
was a significant difference in 4 and MRT between
the two congener shrubs (S. gordejevii, S. cheilophila)
and between the same species (Phragmites communis,
Carex duriuscula) growing in different habitats, but
not in NUE. For example, P communis growing in
the riverine wetland had higher 4 but lower MRT than
that growing in the river bank, thus similar NUE
(Table 2, Fig. 4). The same pattern was found in
Carex duriuscula presented at both habitats. Also, the
two Salix species (S. gordejevii, S. cheilophila)
growing in the riverine wetland and the river bank
had similar NUE but different 4 and MRT. This
suggested that the soil water supply might strongly
influence plant N use traits among and within species.

In our paper, the species growing in the riverine
wetland had higher 4 than those growing in the river
bank (Fig. 4). The soil water content in the riverine
wetland was about fourfold higher than that in the
river bank (Table 1, P<0.01). However, there was no
significant difference in soil inorganic nitrogen
between the two habitats (F=4.58, P=0.06), although
soil available P differed from two habitats. However,
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the effect of soil P on plant N uptake and use could be
indirect. Because soil water supply influences plant
productivity and then 4 (Eq. 1; Lambers et al. 1998),
therefore most of the difference in 4 could be
attributed to differences in soil water supply between
the riverine wetland and the river bank. However, the
lack of a positive association between 4 and habitat
fertility needs further study to clarify it. These results
suggest that water supply could influence plant N
productivity (4) and then N use strategies.

Previous studies show that variations in MRT,
another component of NUE, are affected by leaf
lifespan (Escudero et al. 1992; Golluscio 2007), as
well as by N resorption (Eckstein et al. 1999; Aerts
and Chapin 2000). All of the six species selected here
are deciduous species and have similar leaf lifespan.
Therefore, the significant differences in MRT among
six species should not be ascribed to leaf lifespan. In
particular, the two congener Salix species had
different MRT (F=67.28, P<0.01), with the higher
value in the river bank habitats. MRT values also
differed for P. communis (F=14.87, P<0.05) and
Carex duriuscula (F=14.87, P<0.05) growing in two
contrasting habitats. Because MRT is the function of
leaf lifespan and N resorption (Eckstein et al. 1999;
Aerts and Chapin 2000; Golluscio 2007), the differ-
ence in their MRT should be attributed to N
resorption. In this paper, N resorption efficiency
(Rgpr) was significantly lower in the species growing
in the riverine wetland than in the species growing in
the river bank, while N resorption proficiency (Rpror)
was not significantly different among species (Fig. 3).
Thus, the difference in MRT could be explained by
the difference in Rgpp. High Rgpp contributes to high
MRT and hence high NUE, but leads to low litter N
concentrations and vice versa (Eckstein et al. 1999;
Aerts and Chapin 2000). The difference in two
measures of N resorption indicates that it is also
important to distinguish them when assessing plant N
resorption.

To the best of our knowledge, only a few experi-
ments have directly tested the relationship between 4
and MRT and literature reports remain inconclusive.
In some studies 4 was found to be negatively
correlated with MRT (Yasumura et al. 2002; Silla
and Escudero 2004); in others no trade-off was found
(Aerts and de Caluwe 1994; Nakamura et al. 2002;
Yuan et al. 2004). In this study, we found that 4 was
significantly correlated with MRT within the six

species growing in two contrasting habitats (Fig. 4,
r=—0.910, P<0.001). However, we still do not know
whether this trade-off represents ecophysiological
links between plant traits or a simple problem of
autocorrelation of the data, as discussed by Knops et
al. (1997) and Vitousek (1997). Further study is
needed to make it clear.

We did not estimate the effect of Salix bark, wood,
and reproductive parts on NUE. However, non-leaf
litter production is a minor component of primary
production and a large portion of N is invested in
leaves, and thus we ignored Salix bark, wood, and
reproductive parts. Also, the allocation of N to roots
could differ between habitats. In the present study, the
calculation of NUE was based only on data of
aboveground primary production and N loss. The
amount and loss of N in roots were not evaluated.
This is an important drawback because an NUE based
on only aboveground data might differ from NUE
based on whole plant due to (1) differences in
rhizome and root production and storage and (2)
differences in N concentrations in rhizome/root
compared with concentrations in shoots (Berendse
and Aerts 1987; Aerts and Chapin 2000). Unfortu-
nately, we had no root data in this field study owing
to the difficulty of measuring belowground N dynam-
ics in natural ecosystems. Furthermore, some species
included in this study have clonal growth habits;
hence, it is difficult to exactly match the belowground
parts with sampled aboveground units. However, the
results of root turnover studies support the hypothesis
that root longevity is greater in dry habitats (Eissenstat
and Yanai 1997; Loépez et al. 1998). These facts
indicate that species with low water supply have a
low root turnover, and we assume that the species
ranking in our results would not be greatly altered if
whole plants were considered.

In this paper, we investigated the N use traits of six
species growing in two contrasting habitats with
different water supply by studying NUE and its
components 4 and MRT. Although the species
growing in the riverine wetland had higher 4 by
virtue of high water supply, NUE did not differ
among the species. The species growing in the
riverine wetland, due to lower N resorption, had
shorter MRT than the species growing in the river
bank. The results supported the hypothesis that plant
N use strategies are influenced by soil water supply.
Although NUE can be a very useful index, there are a
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number of environmental factors, including soil
fertility and moisture, temperature, light etc., not all
of which are independent. It is those fundamental
components that merit attention if we are to under-
stand plant nutrient economy.
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