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Abstract We compared the potential for compensatory
growth of two grass species from the Mongolian steppe
that differ in their ability to persist under grazing: the
rhizomatous Leymus chinensis and the caespitose Stipa
krylovii, and investigated how this ability might be af-
fected by drought. Plants were grown in a greenhouse
under wet and dry conditions and subjected to a clipping
treatment (biweekly removal of 75–90% of the aerial
mass). Leymus exhibited a much stronger compensatory
growth after clipping than Stipa. Leymus showed a sig-
nificant increase in its relative growth rate (RGR) after
clipping, while for Stipa RGR was negatively affected.
Clipped Leymus plants maintained leaf productivity
levels that were similar to undamaged individuals, while
leaf-productivity in clipped Stipa dropped to less than
half of that of the controls. In Leymus, there was less
compensatory growth under dry than under wet condi-
tions, while in Stipa the compensation was increased
under drought. This difference probably reflects the fact
that Stipa is more drought-tolerant than Leymus. The
greater compensatory growth of Leymus compared to
Stipa mainly resulted from a greater stimulation of its
net assimilation rate (NAR), and its greater capacity to
store and reallocate carbohydrates by clipping. The
greater increase in NAR was probably the result of a
stronger reduction in self-shading, because Leymus
shoots were much denser than those of Stipa, which
resulted in a higher increase in light penetration to
remaining leaves after clipping. The results of this study
suggest that the greater ability of Leymus to persist
under grazing is the result of its larger capacity for
compensatory growth.
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Introduction

Partial defoliation of plants by herbivores or through
physical damage is a common phenomenon in natural
habitats. Humans harvest leaves either directly (tea and
tobacco) or indirectly by grazing cattle. While partial
defoliation entails a loss of photosynthetic area, this
rarely results in a proportional reduction in growth.
Plants appear to possess compensatory mechanisms
through which they can mitigate potential negative ef-
fects of defoliation (Oesterheld and McNaughton 1988;
Gold and Caldwell 1990).

Under natural conditions, the ability to compensate
for leaf losses can give plants a selective advantage
(Stowe et al. 2000). In agricultural systems, compensa-
tory growth has important consequences for sustainable
levels of leaf harvesting or cattle grazing. The latter is
particularly important in semi-arid climates, which in-
clude the large steppe areas of the world. Stimulation of
grassland productivity by herbivores has been observed
in several studies: the plants exhibited increased photo-
synthetic rates (Caldwell et al. 1981; Gold and Caldwell
1990), and relative growth rates (RGR, growth rate per
unit plant biomass) after grazing or clipping (Hilbert
et al. 1981; Oesterheld and McNaughton 1988, 1991).
Grazing often leads to changes in vegetation structure,
species composition, and the productivity of the eco-
system (Werger et al. 2002). These changes will depend
on the intensity of grazing (Oesterheld 1992), resource
availability, and interspecific differences in the ability to
compensate for leaf losses.

To quantify the degree to which plants can compen-
sate for potential losses in performance due to defolia-
tion and interspecific differences there in, we used a
method developed by Anten et al. (2003), quantifying
the performance of defoliated plants relative to the
estimated performance of hypothetical noncompensat-
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ing plants. The difference in performance between spe-
cies is then used as a measure of the selective advantage
of a species. With the method of Anten et al. (2003) the
contributions of the different mechanisms of compen-
satory growth to RGR can be assessed. The two com-
ponents of RGR are net assimilation rate (NAR, growth
per unit leaf area) and leaf area ratio (LAR, leaf area per
plant biomass); (RGR = NAR · LAR). Defoliation
causes an immediate drop in LAR and therefore a
reduction in RGR. To compensate for this loss in leaf
area, NAR can be enhanced by increased light avail-
ability on the remaining leaves (Gold and Caldwell 1990;
Anten and Ackerly 2001a) or by increased leaf nitrogen
concentration (Nowak and Caldwell 1984; Anten and
Ackerly 2001a) and LAR may be increased by increased
biomass allocation to new leaf production (Oesterheld
and McNaughton 1991; Anten et al. 2003), reallocation
of stored carbohydrates (McPherson and Williams 1998)
or activation of dormant buds. By these processes the
RGR can be increased and the plant can compensate for
the loss in biomass. The contribution of these different
mechanisms probably differs between species and be-
tween plants growing under different growth conditions.

It is often observed that the amount of compensatory
growth after defoliation is influenced by the level of re-
source availability (Hilbert et al. 1981; Coughenour et al.
1990; Oesterheld and McNaughton 1991). Belsky (1993)
argued that compensation only occurs under optimal
conditions, while Anten et al. (2003) found less com-
pensatory growth for plants growing at low light avail-
ability. The model of Hilbert et al. (1981), on the other
hand, predicts that plants growing at low resource
availability are more likely to increase production fol-
lowing clipping, than plants growing under optimal
conditions (Hilbert et al. 1981). Several field studies
(Oesterheld and McNaughton 1988, 1991; Coughenour
et al. 1990) indeed found that plants growing at low
nutrient or water availability exhibited stronger com-
pensatory growth than those under more favorable
conditions.

In this paper, we investigate the influence of drought
stress on compensatory growth. Plants suffering from
drought stress can be positively affected by grazing or
clipping (McNaughton 1983; Archer and Detling 1986;
Coughenour et al. 1990; Day and Detling 1994). The
removal of transpiring leaf area can enhance soil-water
conservation and improve potential (Archer and Detling
1986; Day and Detling 1994). However, it is typically
observed in steppe vegetation that overgrazing and its
associated negative effects, i.e., changes in species com-
position and degradation of the vegetation, are more
pronounced during cycles of dry years than during
wetter periods (Gunin et al. 1999). Because grazing by
livestock is common in semi-arid regions it is important
to investigate the effect of drought on the amount of
compensatory growth.

On the semi-arid steppes of Mongolia, there is a long
history of grazing by large herbivores and the plants
seem to be adapted to the damage by grazing and peri-

ods of drought. The vegetation is made up of a variety of
grasses with different growth forms (Hilbig 1995; Wallis
de Vries et al. 1996). Some grow in bunches, such as the
caespitose Stipa krylovii, while others grow with long
and short rhizomatous tillers, such as Leymus chinensis
(also known as Elymus chinensis).

Under light or moderate grazing, S. krylovii is the
dominant species, but under a higher grazing intensity,
Stipa decreases and the rhizomatous L. chinensis and
Carex duriuscula become dominant (Hilbig 1995;
Fernandez-Gimenez and Allen-Diaz 2001). This phe-
nomenon by which the original dominating caespitose
species are being replaced by rhizomatous species when
grazing pressure by livestock increases is common in
many other semi-arid grassland areas, e.g., Inner
Mongolia, Northern China, and North American
steppe (Mack and Thompson 1982; Milchunas et al.
1988; Xie and Wittig 2003). This shift in dominance
could be attributed to either a higher grazing resistance
or grazing tolerance (see definitions Stowe et al. 2000)
of the rhizomatous species. A higher grazing resistance,
i.e., a better avoidance of grazing, can be achieved by
characteristics like a prostate growth form and the
possession of spines or defense substances which make
the plants unattractive or unpalatable for grazers.
However, Stipa and Leymus have about the same
stature, and the food preference of horses is similar for
both species (Takhi reintroduction centre 1998). This
suggests that the shift in dominance to Leymus is pri-
marily related to its greater grazing tolerance, which in
turn is associated with a greater compensatory growth.
Rhizomatous species have large belowground storage
organs and the reallocation of carbohydrates is prob-
ably an important mechanism contributing to com-
pensatory growth in these species (Chapin et al. 1990;
Kobe 1997; McPherson and Williams 1998). Yet we do
not know of any study in which growth characteristics
of caespitose and rhizomatous grasses have been
quantitatively related to their capacity for compensa-
tory growth.

We conducted a greenhouse experiment with two co-
occurring species of the steppe, namely L. chinensis and
S. krylovii, on which we performed a clipping treatment
and dryness treatment simultaneously. We addressed the
following questions: (1) Does the more grazing tolerant
Leymus have a greater capacity for compensatory
growth than Stipa? (2) What plant characteristic deter-
mine potential interspecific differences in compensatory
growth? (3) How is compensatory growth affected by a
reduction in water availability?

Methods

Greenhouse experiment

Tillers of S. krylovii and L. chinensis plants were col-
lected from the steppe vegetation in Hustai Nuruu
National Park, situated at 100 km west of Ulaan Baatar,
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Mongolia (47� 50¢ N, 106� 00¢ E). We took tillers from 9
Stipa and 14 Leymus plants. In Mongolia, the climate is
arid and continental (mean annual temperature +2� C),
with a short growing season in summer (from June to
September) in which most of the precipitation falls
(annual precipitation 270 mm).

The tillers were grown in pots in the greenhouse of
Utrecht University, Utrecht, The Netherlands, where
the experiment was carried out. In April 2003, tillers
were randomly taken from these plants; 47 pots were
planted with Stipa (three tillers of one individual plant
per pot) and 89 pots with Leymus (one tiller per pot).
We took three tillers for Stipa, because these were
smaller than Leymus tillers, and we wanted plant mass
per pot at the start of the experiment to be as similar as
possible between the two species. The pots had a vol-
ume of 5 l and were filled with a mixture of sand, clay
and humus (4 : 1 : 1), and fertilized with 16.4 g/pot
Scotts Osmocote-standard (15% N + 9% P + 9% K
+ 3% Mg + trace elements), total N gift being about
2.5 g N per plant. On 11 June 2003, the experiment was
initiated for Leymus; 60 Leymus plants were selected.
These plants were chosen after determining the size of
all plants according to the number of tillers and tiller
height omitting the smallest and largest individuals.
The 60 plants were then divided into three size-classes
and equally assigned over four treatments and one
additional set of plants, which was harvested at the
start of the experiment. For Stipa the experiment
started later, on 25 June 2003 with 45 plants, similarly
divided into size-classes and assigned to four treatments
and one initial harvested set. This lower number (45
compared to 60) was because of limited availability of
plants. At the first harvest, on 11 June 2003 for Leymus
and 25 June 2003 for Stipa, the roots and rhizomes (of
Leymus) were carefully washed and separated from
other plant parts. Leaf area was determined by using a
LI-3100 area meter (Li-Cor Inc., Lincoln, NE, USA).
Leaves, sheaths, roots, and rhizomes were oven-dried
for 72 h at 50�C and weighed.

The pots were placed at random in the greenhouse
and we applied two clipping treatments (control and
clipped) and two levels of water availability: 500 ml/pot
applied every 2 days (wet) and 260 ml/pot every 4 days
(dry), with 12 replicate plants per treatment for Leymus
and nine replicate plants for Stipa. During the experi-
ment measurements on volumetric soil-moisture content
in the pots were regularly performed with a Delta
Thetaprobe (Delta-T Devices, Cambridge, UK). When
the pots became too dry in hot and sunny periods, the
water gift was more frequent. Under the dry treatment,
the water content in the pots was higher for the clipped
plants than for the control plants, but these differences
were only significant for the Stipa plants. We measured
significant differences in volumetric soil-moisture
content on 1 July (5.93% Stipa-clipped, 5.00% Stipa-
control), on 15 July (5.38% Stipa-clipped, 4.47% Stipa-
control), and on 22 July (5.72% Stipa-clipped, 4.98%
Stipa-control).

Plants were grown for 72 days during which the
clipping treatment was imposed at days 2, 29 and 57. In
this way, the plants had about 4 weeks to recover after
the first and second clipping, and 2 weeks after the third
clipping before the plants were harvested. The Leymus
plants were clipped at a height of 10 cm, and the Stipa
plants which were smaller, were clipped at a height of
7 cm. This resulted in a removal of about 75% of the
shoot mass in both species, as estimated from the data of
the initial harvest. Leaf areas and dry masses of clipped
leaves were determined in the same way as during the
initial harvest.

Leymus was harvested on 21 August and Stipa on 4
September 2003. Leaf area and the biomass of all the
plant parts were determined in the same way as during
the initial harvest. Total organic nitrogen, phosphorus,
and potassium contents of the leaves were determined
after Kjeldahl destruction with a continuous flow ana-
lyzer (SKALAR, Breda, The Netherlands).

For Stipa plants, carbohydrate concentration in the
roots was measured (control and clipped plants);
because of a failure of the cooling system rhizome
samples of Leymus could not be used for the analysis of
carbohydrate content. So, we set up an extra greenhouse
experiment with Leymus to measure starch content of
belowground parts in control and clipped Leymus
plants. Five control plants and five plants with a clipping
treatment (similar to former experiment) were placed in
the greenhouse on 16 September under similar condi-
tions as the former experiment. At harvest on 26
November biomass of all the plant parts were deter-
mined (same procedure as initial harvest) and carbohy-
drate concentration in the rhizomes was measured. To
determine the carbohydrate concentration in the sam-
ples, starch was hydrolyzed using dimethyl sulphoxide
(DMSO) and thermostable a-amylase. The resulting
starch dextrines were quantitatively hydrolyzed by
amyloglucosidase to glucose. Thereafter, the glucose was
colored by Antrone in sulfur acid and measured with a
photo-spectrometer.

Growth analysis

The growth analysis method developed by Anten and
Ackerly (2001b) was used to estimate the growth
parameters: RGR, g g�1 day�1, NAR, g m�2 day�1,
lamina mass ratio (LMR, g g�1), lamina area ratio
(LAR, m2 g�1), the fraction of newly assimilated bio-
mass that is allocated to the production of lamina tissue
(leaf allocation (ƒlam ), g g�1), specific leaf area (SLA,
m2 g�1), and the daily change in the average SLA of the
plant (c, day�1) by means of iteration. The method uses
a number of growth functions (see Eqs. 1–6 in Anten
and Ackerly 2001b) and searches iteratively the param-
eter space to find the joint solution of parameter values
that yield values for the total plant mass, leaf lamina
mass, and lamina area at the end of the growth period
that match with the measured values. The calculations
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are based on the dates of the start and the end of the
growth period and clipping events, together with the
initial biomass, leaf area, and the amounts of leaf area
lost during the growth interval. The equations are di-
rectly solved for the parameters: NAR, ƒlam, and (c). For
further details, see Anten and Ackerly (2001b).

Compensation

The most commonly used definition of compensation
states that compensatory growth occurs only when there
is an increase in RGR in defoliated plants relative to
undamaged individuals. This definition is however,
incomplete (Anten et al. 2003). Immediately after clip-
ping, the plants will have a lower LAR and therefore a
reduced RGR. To compensate for this, plants can in-
crease photosynthesis or increase the allocation of
assimilates to leaf growth, which results in an increase of
the NAR or a partial recovery of LAR. But this re-
sponse may not be enough to compensate fully for the
earlier decrease in RGR. As a result, such a plant will
have a lower RGR than an unclipped plant, but will
have a higher RGR than it would have had without any
compensatory response.

We therefore applied the method of Anten et al.
(2003), which compares the performance of a clipped
plant not only with that of an undamaged plant but also
with that of a hypothetical noncompensating defoliated
plant. The potential negative effect of defoliation (Lpot)
is the difference between the performance of an
undamaged plant and the predicted performance of a
hypothetical noncompensating defoliated plant. The real
negative effect of defoliation (Lreal) is the difference be-
tween the performance of an undamaged plant and the
observed performance of a defoliated one (see Anten
et al. 2003).

To estimate the compensation, we performed calcu-
lations with replicate hypothetical plants. The biomass
values of the hypothetical plants were derived from
replicate clipped plants and the growth parameters,
namely NAR, ƒlam, and c were derived from replicate
undamaged plants. The plants were paired after being
arranged to size. Compensation (C) is defined as the
fraction of the potential loss (Lpot) that is made up for
by compensatory growth:

C ¼ ½ðLpot � LrealÞ=Lpot� � 100%
¼ f½PdðxdÞ �P0(xuÞ�=½PuðxuÞ �P0ðxuÞ�g � 100%

ð1Þ

where P is the performance measure (growth, plant size,
reproduction, etc.), x refers to a series of growth
parameters that may change as a result of compensatory
mechanisms (e.g., NAR or allocation of mass to leaves),
the subscripts d and u indicate whether a plant has been
defoliated (d) or not (u). P0(xu) refers to the perfor-
mance of a hypothetical noncompensating defoliated
plant with the growth parameters (xu) of an unclipped

plant. C>100% indicates overcompensation, C=100%
full compensation, 0<C<100% partial compensation,
C=0% no compensation, and C<0% negative com-
pensation.

A sensitivity analysis was performed to estimate the
relative contributions of changes in each individual
parameter to the overall extent of compensation (see
Anten et al. 2003). This was done by taking one of the
three growth parameters to be equal to the measured
value for defoliated plants, while the other two were
taken to be equal to those of the control plants.

Statistical analysis

Data were statistically analyzed with the statistical
package SPSS 10.0 for Windows (SPSS Inc., Chicago,
IL, USA). First, a three-way ANOVA is used to analyse
the overall effects and the interactions between factors
(species, clipping, and dryness, all df=1). With a one-
way ANOVA the significance of the effect of clipping
was tested for the wet and dry treatment of one species
separately and in the same way the effect of dryness was
tested for the control and clipped treatment separately.
Differences were considered significant at P<0.05.

Results

Plant performance, allocation and growth

In all Leymus and Stipa plants, clipping resulted in a
strong reduction in total standing mass, leaf mass, and
belowground mass at the end of the experiment
(Table 1). In Leymus, belowground mass consisted of
root mass and rhizome mass, while in Stipa it consisted
only of root mass. The clipping effect was stronger in
Stipa (75–80% lower) than in Leymus (60–65%
reduction), as was indicated by the significant species–
clipping interaction (Table 2). The dry treatment also
resulted in a significant lower total mass and leaf mass
of Leymus and Stipa, and a lower belowground mass of
Leymus (Table 1). The negative effect of dryness on
total mass was stronger in Leymus (44–51% reduction)
than in Stipa (33–47% reduction) as indicated by the
significant species–dryness interaction (Table 2). For
Stipa the belowground mass was negatively affected by
drought in the control plants but not in the clipped
ones (Table 1).

The Leymus plants showed a significant increase in
their RGR values after clipping (Table 1, Fig. 1; clipped
biomass was included in the calculation). For Stipa
RGR was negatively affected by clipping, though this
reduction was only significant under dry conditions. The
difference in effect of clipping on the RGR of the two
species was also reflected by the significant interaction
between species and clipping (Table 2). In Leymus net
growth per unit leaf area NAR was twofold higher in the
clipped than in the unclipped plants; in Stipa this in-
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crease was no more than 30% (Table 1, Fig. 1). The
Stipa plants grown under wet conditions showed an in-
crease in NAR after clipping (increase of 29%); appar-
ently this increase did not fully compensate for the initial

reduction in LAR. Under dry conditions, the increase in
NAR of Stipa plants was not significant. In both species,
the clipped plants allocated a 30% greater fraction of
their mass to lamina growth, ƒlam ( Table 1, Fig. 1). The

*, ** and *** denote significant effects P<0.05, P<0.01 and
P<0.001, respectively.a,b Variable were ln transformed and square
root transformed, respectively. n.s. indicates no significant effects
P‡0.05, RGR relative growth rate, NAR net assimilation rate, ƒlam

fraction of biomass allocated to lamina growth and N-conc., P-
conc. and K-conc. are the N-concentrations, P-concentrations and
K-concentrations in the leaves, respectively

Leymus and Stipa Leymus and Stipa Leymus and Stipa

Control Clipped Clipping effect Control Clipped Clipping effect

Total mass (g) (excluding clipped)
Wet 52.21 (1.3) 20.91 (1.1) *** 21.18 (1.3) 4.23 (0.5) ***
Dry 29.28 (0.5) 10.25 (0.6) *** 11.22 (0.8) 2.83 (0.3) ***
Drying effect *** *** *** *
Leaf mass (g) (excluding clipped)
Wet 36.15 (1.1) 12.57 (0.8) *** 13.95 (1.2) 2.89 (0.4) ***
Dry 20.14 (0.7) 6.04 (0.4) *** 6.59 (0.4) 1.75 (0.2) ***
Drying effect *** *** *** *
LAR (m2 mg�1)
Wet 5.65 (0.2) 4.91 (0.2) * 2.70 (0.1) 2.56 (0.1) n.s.
Dry 4.66 (0.2) 4.16 (0.3) n.s. 2.38 (0.1) 2.26 (0.1) n.s.
Drying effect *** * n.s. n.s.
Belowground mass (g)
Wet 16.06 (0.9) 8.34 (0.5) *** 7.23 (0.4) 1.34 (0.2) ***
Dry 9.14 (0.5) 4.21 (0.2) *** 4.63 (0.3) 1.08 (0.1) ***
Drying effect *** *** *** n.s.
RGR (g g�1 day�1) · 100
Wet 3.46 (0.1) 5.16 (0.1) *** 4.91 (0.2) 4.27 (0.2) n.s.
Dry 2.63 (0.1) 3.16 (0.1) * 4.18 (0.3) 3.25 (0.3) *
Drying effect *** *** * *
NARa (g m�2 day�1)
Wet 5.94 (0.2) 12.58 (0.5) *** 18.95 (0.7) 24.42 (0.1) **
Dry 5.09 (0.3) 9.19 (0.9) *** 17.79 (0.8) 19.28 (2.0) n.s.
Drying effect * ** n.s. n.s.
ƒlam (g g�1)
Wet 0.43 (0.01) 0.58 (0.01) *** 0.45 (0.01) 0.59 (0.02) ***
Dry 0.35 (0.01) 0.57 (0.01) *** 0.38 (0.01) 0.61 (0.02) ***
Drying effect *** n.s. ** n.s.
SLA (m2 mg�1)
Wet 12.87 (0.3) 14.91 (0.4) * 6.09 (0.3) 7.31 (0.3) n.s.
Dry 12.69 (0.3) 12.25 (0.8) n.s. 6.32 (0.2) 6.85 (0.2) n.s.
Drying effect n.s. * n.s. n.s.

*, ** and *** indicate significant effects P<0.05, P<0.01 and P<0.001, respectively
aVariable ln transformed
n.s. indicate no significant effects P‡0.05

Table 2 Results of a three-way ANOVA with (species · dryness · clipping*, df=1) as factors

Sp Dry Clip S · D S · C D · C S · D · C

RGR *** *** n.s. n.s. *** * n.s.
NARa *** *** *** n.s. *** * n.s.
ƒlam * *** *** n.s. n.s. *** n.s.
Total massb *** *** *** *** * *** n.s.
Productivity *** *** *** *** n.s. *** ***
Leaf
Productivityb *** n.s. *** *** *** *** ***
N-conc. *** n.s. *** n.s. n.s. n.s. n.s.
P-conc. ** * *** n.s. n.s. n.s. n.s.
K-conc. *** * *** ** *** n.s. n.s.

Table 1 Mean and SE (in parentheses) of measured values at the
final harvest, including leaf area ratio (LAR), estimated relative
growth rate (RGR), net assimilation rate (NAR), fraction of bio-

mass allocated to lamina growth (ƒlam) and specific leaf area (SLA)
and results of analysis of variance (ANOVA) with clipping (df=1)
as factor and an ANOVA with dryness (df=1) as factor
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SLA of both species was hardly affected by clipping,
only the Leymus plants under wet conditions showed a
little increase (8%) in SLA after clipping (Table 1).

Compensatory growth

In both species and under both treatments, clipped
plants were estimated to perform much better in terms of
final biomass, productivity, and leaf productivity than
noncompensating hypothetical plants (Fig. 2). With Eq.
1 it was hence estimated that changes in NAR, ƒlam, and
daily increase in SLA (c) enabled clipped plants to
compensate for a large part of the potential loss caused
by defoliation. The degree of compensation depended on
the species, the performance measure, and water avail-
ability.

Clipped plants of both species partly compensated
for the loss in productivity but this compensation was
much stronger in Leymus than in Stipa (C=50–77%
and 23–28%, respectively; Fig. 2). Taking only the leaf
productivity into account, the compensation effect was
much stronger (Fig. 2), Leymus exhibited a full com-
pensation (C about 100%), and Stipa a partial com-
pensation of about 50% under dry conditions and
about 30% under wet conditions (Fig. 2).

Effect of drought stress

The increase in RGR of Leymus after clipping was
higher under wet conditions than under dry conditions
(Fig. 1). This was further indicated by the significant
interactive effect of clipping and dryness on RGR (Ta-
ble 2). The comparatively greater stimulation of RGR
by clipping in wet conditions resulted from a similarly
greater stimulation of NAR (Fig. 1, Table 1), also
indicated by a significant interaction between clipping
and dryness (Table 2). By contrast, enhancement in ƒlam
by clipping was greater under dry conditions. In Stipa,
the decrease in RGR after clipping was not significant
for the wet treatment (Table 1, Fig. 1), while the change
in NAR after clipping was not significant for the dry
treatment (Table 1, Fig. 1). There was only a significant
increase in NAR for the wet treatment.

For Leymus and Stipa plants there was a significant
increase in ƒlam after clipping (Table 1, Fig. 1). For both
species, this increase was higher under dry conditions
than under wet conditions, as further indicated by the
significant interactive effect of dryness and clipping on
ƒlam (Table 2).

A significant clipping–dryness interaction was found
for total biomass, productivity, and leaf productivity
(Table 2). Under dry conditions, the compensation (C)
for total biomass, productivity and leaf productivity
after clipping was lower for Leymus whereas it was
higher for Stipa. (Fig. 2). A significant species–clipping–
dryness interaction was found for productivity and leaf
productivity (Table 2).

Sensitivity analysis

The contributions of increases in the growth parameters,
NAR and ƒlam in response to clipping to RGR are
shown in Fig. 3. For the Leymus plants, the NAR had a
much greater effect on RGR than ƒlam under both wet
and under dry conditions, but under wet conditions the
relative contribution of NAR was much higher than
under dry conditions. For the Stipa plants the contri-
butions of NAR and ƒlam to the RGR were more or less
equal.

Starch and nutrient contents

For the Leymus plants, clipping had a significant nega-
tive effect on the concentration of starch (Fig. 4). In the
rhizome and roots it dropped by more than 60%. There
was no significant clipping effect on the concentration of
starch in the roots of Stipa.

For Leymus, there was a significant increase in leaf
nitrogen contents after clipping, while for Stipa, this
effect was not significant. (Table 3). Leaf phosphorus

Fig. 1 The estimated average relative growth rate (RGR), net
assimilation rate (NAR) and biomass fraction allocated to lamina
growth (ƒlam) of Leymus and Stipa at two clipping levels and under
wet and dry conditions. Bars indicate ±1 SE (Leymus n=12 and
Stipa n=9)
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contents of both species increased after clipping while in
Stipa they were lower in the dry than in wet treatment.

Discussion

Interspecific differences in compensation

As expected, Leymus exhibited a much stronger degree
of compensatory growth after clipping than stipa. Clip-
ped Leymus plants maintained leaf productivity levels
that were similar to undamaged individuals, while leaf
productivity in clipped Stipa dropped to less than half of
that of the controls. Apparently Leymus is more tolerant
to clipping (and by extrapolation to grazing) than Stipa
(see definitions in Stowe et al. 2000) and this could ex-
plain the shift in dominance from Stipa to Leymus when
grazing pressure increases in the Mongolian steppe.

In this paper, we used the method of Anten et al.
(2003), which estimates compensation relative to a
hypothetical noncompensating defoliated plant rather

than undamaged plants as in the standard approach
(Hilbert et al. 1981). If we had used the standard
approach we would have concluded that while Leymus
exhibits compensatory growth Stipa plants did not, be-
cause the RGR of defoliated plants was lower than that
of the controls. However, we found that clipped Stipa
plants had a considerably higher RGR than hypothetical
noncompensating plants and compensated for a large
percentage of the potential loss in performance (Fig. 2).

Our sensitivity analysis showed that enhancements of
NAR after clipping contributed more to the increase
in RGR than the enhancements of leaf allocation (ƒlam)
in Leymus, especially under wet conditions (Fig. 3). In
Stipa on the other hand NAR increased only by 20%. Its
contribution to stimulation of RGR relative to non-
compensating plants was comparable to that of ƒlam. It
appears that the greater compensatory growth of
Leymus compared to Stipa was mostly due to the stim-
ulation of its NAR by clipping.

Various mechanisms may contribute to increases in
NAR after leaf loss. (see Introduction). Reductions in
self-shading might have played a role in the large NAR
stimulation of Leymus and also in the difference between
the two species found in this work. In this experiment,
Leymus formed large tussocks and there was probably a
strong degree of self-shading within the shoot. Remov-
ing a big part of the shoot by clipping can result in a
considerable increase in light intensity on the remaining
leaves. Stipa shoots on the other hand are relatively
open while their leaves are much thinner than those of
Leymus. In a greenhouse experiment (M.A. Carrillo-
Gavilán, unpublished data) with Leymus plants (that
were similar in form as the ones used here), it was
measured that two weeks after clipping, the average light
intensity on the leaves was 40% greater than in controls.
Similar results have been obtained with other grass
species (Gold and Caldwell 1990; Senock et al. 1991).

Another way through which plants can enhance
NAR after defoliation is an increase in photosynthetic
capacity. (Nowak and Caldwell 1984). The photosyn-
thetic capacity of leaves is strongly related to their leaf
nitrogen (leaf N) concentration (Evans 1989). We only
found a small increase in leaf N concentration after
clipping under dry conditions, and not under wet con-
ditions (Table 3) suggesting that changes in photosyn-
thetic capacity are not important for the increase in
NAR. The realized photosynthetic rates however, also
depend on stomatal conductance and hence on the
amount of water available per unit leaf area. Clipped
plants had a greater amount of roots per unit leaf area
and they could therefore achieve a higher average sto-
matal conductance. However, the stimulation of NAR
by clipping was greater under wet than under dry
conditions suggesting that this mechanism did not play a
very important role.

We predicted that the greater ability of Leymus to
store carbohydrates in its rhizomes would contribute to
its greater capacity for compensatory growth as
compared to the caespitose Stipa. This is because the

Fig. 2 Total standing biomass, estimated plant productivity, and
leaf productivity at final harvest of Leymus and Stipa at two
clipping levels (Control and Clip), and the estimated values of these
parameters of a hypothetical clipped plant without compensatory
mechanisms (Clip-hyp) under wet and dry conditions. Numbers
under the columns indicate the calculated values for compensation
(C values). Bars indicate ±1 SE (Leymus n=12 and Stipa n=9).
See main text for the calculation procedures
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carbohydrate reserves could be used to support new leaf
growth after clipping (see Introduction). Consistent with
this prediction, Leymus exhibited a greater carbohydrate
concentration in its belowground structures, particularly
its rhizomes, and there was also a considerable reduction
in carbohydrate concentration after clipping (Fig. 4). It
is often observed that plants are not able to use a large
proportion of their stored carbohydrates in response to
clipping (Davidson and Milthorpe 1966; Richards and
Caldwell 1985). This could be caused by a limitation of
regrowth by the nutrients nitrogen and phosphorus ra-
ther than carbon (Trlica and Cook 1971; Chapin et al.
1990). Our results show a significant increase in the N
content of the leaves after clipping for Leymus and a
significant increase in the P content for both species
(Table 3). This indicates that probably there was no
nutrient limitation.

In short, Leymus exhibited a greater capacity for
compensatory growth than Stipa. This advantage was
probably to a large extent due to the ability of this
species to store carbohydrates and reallocate them after
leaf losses, and due to the stronger positive effect of
defoliation on light penetration through the canopy.

Response to drought stress

In Leymus, compensation of plant productivity after
clipping was less under dry conditions than under wet
conditions. This is contrary to the finding of previous
studies (Archer and Detling 1986; Coughenour et al.
1990; Day and Detling 1994) where compensation was
found to increase under dry conditions and where it was
argued that this was because clipping removes tran-
spiring leaf area, enhances soil-water conservation and
improves plant-water potential.

The higher compensation of plant productivity for
Leymus under wet conditions is mainly caused by the
higher increase in NAR. Under dry conditions, Leymus

shoots were more open than under wet conditions, self-
shading was probably much less, and the greater in-
crease in NAR might therefore be partly due to greater
improvements in light penetration through the canopy
by clipping. It could also be that under dry conditions
Leymus plants have fewer carbohydrates that can be
reallocated to support growth.

As noted, conservation of soil moisture has been
considered to contribute to stronger compensatory
growth under dry than under wet conditions because of
the removal of transpiring leaves. Indeed volumetric soil-
moisture contents in the pots were higher after clipping
compared to the control pots (see Methods). Because
pots have a restricted volume, this effect is probably
stronger than under field conditions. However, lower
compensation for plant productivity found for Leymus
under dry conditions seems contrary to what one would
expect if pot size were to play an important role.

In contrast to Leymus, Stipa exhibited a greater
compensation for loss in plant productivity under dry
conditions than under wet conditions. Overall, Stipa
appears to be more drought-tolerant than Leymus, as
was indicated by the significantly smaller effect of
drought on growth and final standing mass in Stipa
(Fig. 2, Table 2). Furthermore, on the steppes of Eur-
asia, Stipa is generally more abundant at drier sites than
Leymus (Xiao et al. 1995). Thus, our results suggest that
the effect of drought on compensation can differ between
species and that it depends on the overall drought
tolerance of the species in question.

Stimulated productivity

Under wet conditions, clipped Leymus plants exhibited
almost full compensation (C about 80%) for the
potential loss in plant productivity. Under dry condi-
tions, the compensation was much lower for both Stipa
and Leymus. When we only consider the leaf produc-
tivity, which is forage for wild ungulates and livestock,
there was a full compensation (about 100%) in Leymus
under both levels of water availability, while Stipa
exhibited only partial compensation (Fig. 2). However,

Fig. 4 Starch content in belowground organs of Leymus and Stipa
at two clipping levels. Bars indicate ±1 SE (Leymus n=5 and Stipa
n=5). *indicate significant clipping effects P<0.05

Fig. 3 The estimated average relative growth rate (RGR) of clipped
plants (Clip-comp), hypothetical clipped plants compensating
either for NAR (ClipH-NAR), flam (ClipH-flam), or not compen-
sating at all (ClipH-Nocomp) of Leymus and Stipa plants under
wet and dry conditions. Bars indicate ±1 SE (Leymus n=12 and
Stipa n=9)
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it should be noted that our analysis does not distinguish
between compensatory mechanisms that arise from an
active response by the plant and mechanisms that are a
direct result of defoliation. An increase in nitrogen
concentration in the leaves, the breaking of dormancy of
buds, and the reallocation of carbohydrates are all active
responses of the plant, while an increase of light avail-
ability on the remaining leaves or an increase of water
availability are direct results of defoliation.

The carrying capacity of the steppe areas, i.e., the
maximum number of herbivores, which can be sup-
ported in an area, is an important issue for pasture
management in many parts of the world (Mongolia,
China, etc.). Our data clearly show that when estimating
the carrying capacity, the effect of compensation should
be accounted for. Productivity levels of actually clipped
plants were considerably higher than what they would
have been in absence of compensatory growth (compare
clipped to clipped-hypothetical in Fig. 2), and the
compensatory mechanisms contribute enormously to the
productivity of plants after clipping. Disregarding
compensatory growth would result in a considerable
overestimation of the carrying capacity of Stipa grass-
lands, while for Leymus grasslands the estimation should
be correct, because of the effect of full compensation.
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