J Arid Land
doi: 10.1007/s40333-016-0005-z

g Science Press @ Springer-Verlag

Long-term effects of mowing on plasticity and
allometry of Leymus chinensis in a temperate
semi-arid grassland, China

LI Xiliang', HOU Xiangyang'', REN Weibo', Taogetao BAOYIN?', LIU Zhiying®, Warwick
BADGERY?, LI Yaqiong®, WU Xinhong', XU Huimin

! National Forage Improvement Center, Key Laboratory of Grassland Resources and Utilization of Ministry of Agriculture,
Institute of Grassland Research, Chinese Academy of Agricultural Sciences, Hohhot 010010, China;

? Ecology, College of Life Sciences, Inner Mongolia University, Hohhot 010021, China;

3 New South Wales Department of Primary Industries, Orange Agricultural Institute, Orange, New South Wales 2800, Australia

Abstract: Mowing is an important land management practice for natural semi-arid regions. A
growing body of empirical evidence shows that different mowing regimes affect the functioning of
grassland ecosystems. However, the responses of plant functional traits to long-term mowing and
their allometric scaling under long-term mowing are poorly understood. For a better understanding
of the effects of mowing on grassland ecosystems, we analyzed the allometric traits of leaves and
stems of Leymus chinensis (Trin.) Tzvel., a dominant grass species in eastern Eurasian temperate
grassland, at different mowing intensities (no clipping, clipping once every two years, once a year
and twice a year). Experiments were conducted on plots established over a decade ago in a typical
steppe of Xilinhot, Inner Mongolia, China. Results showed that most of the functional traits of L.
chinensis decreased with the increased mowing intensity. The responses of leaves and stems to
long-term mowing were asymmetric, in which leaf traits were more stable than stem traits. Also
significant allometric relationships were found among most of the plant functional traits under the
four mowing treatments. Sensitive traits of L. chinensis (e.g. leaf length and stem length) were
primary indicators associated with aboveground biomass decline under high mowing intensity. In
conclusion, the allometric growth of different functional traits of L. chinensis varies with different
long-term mowing practices, which is likely to be a strategy used by the plant to adapt to the
mowing disturbances.
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Leymus chinensis (Trin.) Tzvel., widely distributed across eastern Eurasian temperate regions, is a
dominant species of the grasslands of the Inner Mongolian steppe, which have been traditionally
used as rangelands for both livestock grazing and haymaking (Wu, 1980; He et al., 2008). It is a
normal practice in the semi-arid regions of Inner Mongolia in northern China to clip grassland
every year without applying any fertilizer (Baoyin et al., 2014). A growing body of empirical
evidence suggests that grassland ecosystems are affected to different extents by different mowing
regimes (Han et al., 2007; Herrero-Jauregui et al., 2014), but the differences have not been
studied for L. chinensis. The changes in the functional traits of L. chinensis as a dominant species

“Corresponding authors: HOU Xiangyang (E-mail: houxy16@126.com); Taogetao BAOYIN (E-mail: bytgt@sohu.com)
Received 2015-09-06; revised 2016-03-01; accepted 2016-03-10
© Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Science Press and Springer-Verlag Berlin Heidelberg 2016

http://jal.xjegi.com; www.springer.com/40333



JOURNAL OF ARID LAND

are likely to indicate the changing stages of the grassland ecosystem processes.

Mowing in arid and semi-arid natural grasslands affects the properties and processes of
ecosystems (Baoyin et al., 2014). Long-term mowing of plants can change the temperature and
carbon content of the soil, which in turn change soil properties, such as respiration (Zhou et al.,
2007; Baoyin et al., 2014). In the last 50 years, the productivity of grassland ecosystems has
declined, reducing the vital roles they could play in hydrology, biodiversity, and carbon cycling
(Li et al., 2012). Grasslands are experiencing increasing levels of anthropogenic disturbances,
including mowing, which have caused significant modifications to grassland communities, such
as loss of biodiversity and changes of structures of ecosystems. However, few empirical studies
have been conducted to explicitly examine how the traits of the typical-steppe grassland plants in
northern China respond to different land-use practices, particularly mowing (Baoyin et al., 2014;
Moreno Garcia et al., 2014). As a result, there appeared some research in recent years devoted to
the study of the response models including the effect of mowing (Xu et al., 2013).

Functional traits that are more sensitive to disturbances can serve as effective indicators for
functional degradation of ecosystem, such as grassland community succession and loss of
biodiversity (Diaz et al., 2007). Leaves are major functional organs of plants and have more stable
strategies of self-protection (Mclntire and Hik, 2002; Cruz et al., 2010). For example, L. chinensis,
which grows in the meadow steppe of China, shows an increase in leaf-area in response to
long-term high grazing pressure (Zheng et al., 2010), which improves the plant’s relative
photosynthesis capabilities (Badger, 2013). Furthermore, plant organs that grow in aboveground
are typically more sensitive to defoliation than those that are below ground (Guo et al., 2012).
Root traits have a slower response or are stable in response to changes in the soil
microenvironment (Milchunas and Vandever, 2013). Moreover, in grazed grasslands that
represent an “adverse habitat”, plants adopt ecological strategies such as tradeoffs and changes in
allometry to optimize their functions and complete their growth cycles (Cingolani et al., 2005;
Niu et al., 2009; Acosta-Gallo et al., 2011).

Although some ecological studies have reported on the effects of mowing on plant traits
(Schrama et al., 2013), the characteristic responses and tradeoffs as a result of mowing remain
unclear. Several recent studies have focused on the function of mowing as a replacement to
grazing by domestic animals (Benot et al., 2013), but none as a land management practice.
Studies have shown that clipping reduces the root to shoot ratio and increases the root length in
many plant species (Bahn et al., 2006; Thorne and Frank, 2009), yet mowing has no significant
effect on root respiration (Thorne and Frank, 2009). Apparently, the effects of mowing on plant
traits appear somewhat inconsistent. Functional tradeoffs are an important adaptive strategy of
plants growing in heterogeneous environments. Little is known about the allometry in leaf and
stem traits of L. chinensis plants following mowing at various intensities in semi-arid grasslands.
Therefore, the objective of this study was to investigate how L. chinensis responds to different
mowing regimes. A long-term experiment was conducted with different mowing intensities to
evaluate the effects of mowing on the functional traits of L. chinensis. The experiment is intended
to address the following three questions: (1) How plastic are the functional traits of L. chinensis
as a result of long-term mowing at various intensities? (2) Do these functional traits show the
same or different degrees of plasticity in response to mowing? (3) What are the allometric
relationships between the functional traits of L. chinensis following mowing disturbances?

1 Materials and methods

1.1 Study area

The study area is located at the Inner Mongolia Grassland Ecosystem Research Station (43°38'N,
116°42'E; 1,200 m asl) of the Chinese Academy of Sciences, in the Xilin River catchment of
China. The Xilin River catchment has a semi-arid continental climate that is characterized by
mean annual precipitation of 236 mm (1998-2012), and annual mean temperature of 3.2°C. There
is a high variability in precipitation between years, and the coefficient of variation of precipitation
is 22%. The changes in precipitation coincide with the changes in temperatures in June, July and
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August. The perennial plants grow from April/May to September/October, approximately 150 d
(Li et al., 2015a). L. chinensis is a perennial rhizome grass that dominates in these steppe
communities. The major soil types of this region are calcic chestnut and calcic chernozem
(Bosing et al., 2014).

1.2 Experimental design and sampling

The experimental site was established in 1998 and contains grassland subjected to a long-term
continuous mowing exclusion (unmown), and three intensities of mowing in a randomized block
design (Baoyin et al., 2014). The experiment is located on a flatland area on the side of a 24-hm”
permanent enclosure, where livestock grazing was prevented. Three replicates of each of four
mowing treatments (i.e. mowing frequencies) were randomly assigned to 12 permanent plots that
were 10 mx10 m in size. The four treatments were: (1) CK, no clipping; (2) C1/2, clipping once
every two years; (3) C1/1, clipping once a year; and (4) C2/1, clipping twice a year (Baoyin et al.,
2014). At the time of harvest, a small hand-push lawn mower was used to cut the grass to a 6-cm
stubble height over the entire plot and the cut plant material was removed. The mowing was
conducted each year on 16 August (or 1-3 d later depending on the weather) for the C1/2 and
C1/1 treatments and on 15 June and 15 September for the C2/1 treatment.

Five 1 mx1 m quadrats were randomly selected in each of the 12 plots for field sampling.
These quadrats were harvested on 15-20 August 2013, which corresponded with flowering of L.
chinensis and peak-standing biomass. Three L. chinensis individuals were randomly selected in
each of the quadrats. The aboveground portion of the plant was clipped to measure aboveground
phenotypic traits. In total, 180 plants from 60 quadrats were measured.

Leaf length, leaf number, stem length, stem width and plant height were measured with an
electronic digital caliper. Additionally, leaves were scanned using a digital scanner to determine
leaf area using Adobe Photoshop CS5. After phenotypes were measured, leaves and stems were
packaged in separate paper bags, and all of the plant samples were oven-dried at 65°C for at least
48 h. Subsequently, the mass of the samples was measured to calculate their biomass.

1.3 Data analysis

Leaf length, width and area were measured and the mean of all leaves represented the individual
leaf traits of the plant. The mean of the functional traits was calculated from measurements taken
from three L. chinensis individuals in one quadrat and used for statistical analysis.

The relationship between plant traits and mowing intensity was evaluated using one-way
ANOVA, followed by Duncan’s Multiple Range Test procedures. Variation was analyzed by using
a plasticity index (PI; Moreno and Bertiller, 2015):

PI=(F,~F,)/F,. (1)
Where F), is the functional trait of plants in habitats without mowing, and F), is the functional trait
of plants subjected to different mowing intensities.

We analyzed allometric relationships using the classical allometry model (Warton et al., 2012):

Y=aX’. ()
Where a is the allometric coefficient and b the allometric exponent. An exponent that is
significantly different from 1.0 indicates an allometric (non-isometric) relationship. We used
standardized major axis (SMA) analysis based on findings that model II regression (e.g. SMA)
from other researchers (Niklas and Cobb, 2006), and SMA analysis is more appropriate than
traditional least squares for fitting allometric data and estimating parameters. We tested whether
the slope of each population was significantly different from 1.00. All of the SMA analyses were
conducted using the Standardized Major Axis Tests and Routines (SMATR) software package
(Falster et al., 2006).

Structural equation modeling (SEM) was performed to analyze hypotheses that may explain the
pathways responsible for the indirect effects of mowing on L. chinensis biomass accumulation
(Byrne, 2013). SEMs were developed based on hypothesized relationships between variables and
testing of preliminary models. Depending on the model and variable, it was necessary to alter the
relationship between a measured L. chinensis functional trait and the rest of the model. We
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compared the utility of each functional trait index within the SEM based on a number of measures,
including the power of the particular model for explaining the variation in L. chinensis biomass
accumulation (R?), measures of model significance and fit (5°), and the significance of the
functional trait variables within the model (significance of regression weights) (Li et al., 2015b).
SEM analysis was performed using IBM SPSS AMOS 18.0 software packages.

Correlations among plant traits of L. chinensis were analyzed by using Pearson’s correlation
coefficient. All analyses testing the significant differences between means were conducted using
IBM SPSS 19.0 software (SPSS Inc., Chicago, IL, USA), and results were considered significant
when P<0.05 level.

2 Results

2.1 Plasticity of plant traits in response to mowing

With the increase of mowing intensity, the leaf and stem parameters (leaf length, leaf width, leaf
area, stem length and stem diameter) gradually decreased in size (P<0.05). The plant height also
decreased with the increase of mowing intensity (P<0.05; Table 1). When we ranked the
functional traits by their plasticity indices, we observed differences in some traits (e.g. stem
biomass, aboveground biomass, leaf area and plant height) and a lack of responses in other traits
(e.g. leaf number, leaf mass, leaf width and stem diameter) in response to different mowing
intensities (Fig. la). In the C1/2, C1/1 and C2/1 treatments, the plasticity indices of the
functional traits were positively correlated with increases of mowing intensity (P<0.01; Fig. 1b).

Table 1 Leaf and stem morphological traits of Leymus chinensis (Trin.) Tzvel. in response to long-term mowing
at various intensities

Plant Mowing intensity treatments

traits CK C12 Cl/1 C2/1 F value

LN 5.53+0.64" 5.67+0.72° 5.73+0.59° 4.5340.52° 12.197
LL (cm) 26.35+1.88" 23.57+2.21° 19.75£1.86° 14.94+1.29¢ 108.27
LW (mm) 8.90+0.53* 7.91+0.80° 6.98+0.46° 6.65+0.62° 40.77"
LA (cm?) 15.39+1.71° 12.30+2.24° 9.04+1.14° 6.51+0.85¢ 89.68"
SL (mm) 37.69+4.36° 28.63+2.89° 25.21+2.47° 15.59+2.13¢ 131.58"
SD (cm) 2.02+0.17° 1.89+0.13° 1.72+0.14° 1.88+0.16° 10.30"
PH (cm) 63.11+4.37° 52.33+3.78° 45.03+2.69° 32.15+2.97 204.94™

Note: Mowing intensities are as follows: CK, no clipping; C1/2, clippling once every two years; C1/1, clipping once a year; C2/1,
clipping twice a year. Plants trait measurements include: LN, leaf number; LL, leaf length; LW, leaf width; LA, leaf area; SL, stem
length; SD, stem diameter; PH, plant height. Superscript letters indicate the statistical significance between different variables, and
variables with the same letter are not significantly different (P>0.05) among the four mowing intensity treatments. " indicates the
significance at P<0.01 level.

2.2 Changes in allometry among leaf traits in response to mowing

Except for leaf number and leaf width (P>0.05), all other leaf functional traits were positively
correlated with each other (P<0.01; Table 2). We conducted a SMA analysis and found that all leaf
traits had significant allometric scaling relationships with other leaf traits (P<0.01), except for
leaf number and leaf width (P>0.05; Table 2). Leaf length to width ratio was positively correlated
with all leaf traits, which was fitted by the equation of exponential rise to maximum or linear
relationships (P<0.05; Fig. 2). The slopes of the allometric equations for leaf mass with leaf width
and leaf area show significant heterogeneity across the four mowing intensity treatments, and
these allometric ratios were significantly influenced by mowing (P<0.05, Table 2). We did not
observe a significant difference in the effect of mowing on the slopes of the bivariate relationships
of other groups (P>0.05). However, we observed a significant shift along the common slope of
seven of the bivariate relationships (P<0.05), except for the bivariate relationship of leaf mass
with leaf length (Table 2). Lastly, there were significant shifts along the common slope among
leaf traits across the mowing intensity treatments (Table 2).
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Fig. 1 The plasticity indices (a) and their similarity (b) of various functional traits in Leymus chinensis (Trin.)
Tzvel. subjected to different mowing intensity treatments, and compared to the unclipped treatment. CK, no
clipping; C1/2, clipping once every two years; C1/1, clipping once a year; C2/1, clipping twice a year. SBM,
stem biomass; LBM, leaf biomass; ABM, aboveground biomass. Other abbreviations are described in Table 1.

Table 2 The relationship of leaf traits of Leymus chinensis (Trin.) Tzvel. at the four mowing intensities using
standardized major axis (SMA) regression slopes

Combined Allometric slopes across four mowing intensity treatment Common .
Yvs X 5 Shift
R Slope CK C1/2 Cl1/1 C2/1 slope
LLvs LN 0.19™  1.587 0.64™ —0.79™ -0.91™ -0.75™ -0.76™  Yes
0.53"
LW vs LN 0.06 0.95 (034, 0.81) 0.82 0.65 0.80 0.67 Yes
LA vs LN 0.15" 2417 0.98™ —1.55™ —1.28™ —1.13™ —1.17"  Yes
- - 1.69™ s 1.83" s s
LBMvsLN 038 3.14 (118, 2.42) 1.43 (1,05, 3.17) -1.12 1.55 Yes
LW vs LL 0.65"  0.60™ 0.82" 1.05™ 0.71™ 1.08™ 0.94*  Yes
w . 1.53" 1.97” 1.40" 1.517
LAvstL 095 1.53 (1.14,2.04)  (1.66,2.33)  (1.07,1.87)  (1.00,2.28) L70% - Yes
. " 2.64" 1.82" 2,017
LBMvsLL 087 1.99 (170,409 (121.274)  (125.3.23) 1.50 1.99 No
. . 1.877 1.88" 1.99
LAvsL . 2.54 1.40™ 1.83™ Y
vsLW 085 5 (132,2.66)  (1.60,2.21)  (1.35,2.93) 0 83 s
. " 323" 1.74™ 2.83" .
LBMvsLW  0.67 3.30 222,468 (121.2.50)  (1.85.4.32) 1.40 221 /
" " 1.73" .
LBMvsLA 0. 1. 93 1.42™ 1.00™ 1.2
vs 0.88 30 (1.26,2.37) 0.93 00 8 /

Note: Slopes of SMA slopes are shown for the four mowing intensity treatments. The 95% confidence intervals (Cls) of these slopes are
indicated in parenthesis in the table when the allometric slopes are significantly different from 1.00 (i.e. P<0.05). Some conditions did
not show significant differences between the four groups (i.e. P>0.05), and for those cases, common slopes and 95% Cls are not shown.
Significant shifts along a common slope are indicated (Yes or No). Same abbreviations are used as Table 1 and Fig. 1.~ and ~ indicate
the significance at P<0.05 and P<0.01 levels, respectively; ns indicates no significance.

2.3 Effect of mowing on allometry of stem traits

We tested the effect of mowing on stem functional traits, including stem length, stem diameter
and stem biomass. These stem functional traits were positively correlated with each other (P<0.01;
Table 3), and the three stem traits had allometric scaling slopes that were significantly different
from 1.0 (P<0.01; Table 3). Additionally, because it was affected by the allometric scaling of stem
traits, the stem length to diameter ratio was positively correlated with stem length and stem
biomass when the relationship was fitted by equations of linear (P<0.01) and exponential rise to
maximum (P<0.01; Fig. 3). Although there was a significant effect of mowing on the difference in
the slopes of the bivariate relationships of the three groups (P>0.05), there was a significant shift
along the common slope of three of the bivariate relationships (Table 3). Also, there were

significant shifts along the common slope of stem traits with plant height across the mowing
intensities (Table 4).
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Fig. 2 Relationship of leaf length to width ratios in Leymus chinensis (Trin.) Tzvel. individuals to leaf
morphological traits under the four mowing intensity treatments. (a) no clipping; (b) clipping once every two
years; (c) clipping once a year; (d) clipping twice a year.

Table 3 The relationship of stem traits in Leymus chinensis (Trin.) Tzvel. under four mowing intensity
treatments analyzed by standardized major axis (SMA) regression slopes

Combined Allometric slopes across four mowing intensities Common .
Y vs X > Shift
R Slope CK Cl1/2 Cl1/1 C2/1 slope
SL vs SD 0.137  0.287 1.45™ 1.45™ 1.18™ 1.64™ 1.44™  Yes
a " 2.83" 3.177 231" 2.81"
SBMvsSD 0.93° 148 (1.85,4.33)  (2.02,4.96)  (1.51,3.53)  (1.96,4.02) 2757 Yes
. . 1.96" 2.18" 1.96" 1717
SBMvsSL 0.24° 525 (142,271)  (139,3.42)  (1.28,2.99)  (1.32,2.23) 1877 Yes
Note: The abbreviations and symbols are as described in Table 1, Table 2 and Fig. 1.
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Fig. 3 Relationship of stem length to diameter ratios in Leymus chinensis (Trin.) Tzvel. individuals to stem
morphological traits under the four mowing intensity treatments

2.4 SEM for plant biomass

Leaf and stem biomass significantly decreased (P<0.05) with increasing mowing intensity (Fig. 4).
We found a significant positive correlation of biomass accumulation in individual plants with all
of the leaf and stem functional traits (P<0.05; Tables 2—4). Mowing indirectly changed biomass
accumulation, through a ‘bottom-up’ effect of leaf and stem traits. Leaf length was the most
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Table 4 Comparison of plant heights with leaf and stem traits of Leymus chinensis (Trin.) Tzvel. subjected to
different mowing intensities using SMA regression analysis

Combined Allometric slopes across four mowing intensities Common .
Item 5 Shift
R Slope CK Ccl12 Cli/1 c2/1 slope
ok ** ns ns 056* ns ns
LN 025 0.57 0.63 —0.60 (032, 0.99) 0.81 0.65 Yes
LL 0917  0.89° 0.97"™ 0.76" 0.62° 1.09™ 0.85™ Yes
) ) ‘ : (0.40, 0.96) : )
LW  0.68" 054" 1.19™ 0.72 0.88™ 1.01™ 0.87™ Yes
) : : (0.53,0.99) : : ’
o - 0.64 0.38" 0.44"
LA 091 137 (0.42,096) (027, 0.56) (0.29, 0.67) 0.72 0.52 Yes
. - 0.37" 0.42" 031"
LBM 0. 1. 3" 42 Y
0.89 78 (0.24,0.58)  (0.29, 0.60) (0.18, 0.52) 0.73 0 s
SD 095" 131" 0.87™ 1.09™ 0.72" 1.12m 0.93"™ Yes
" - 0.60™ 0.61 0.68"
SL 017037 (0.45, 0.80) 0.75 (0.40,0.92)  (0.50,0.93) 0.65 Yes
" o 0317 0.34" 031" 0.40™ .
SBM 091" 1.94 (0.21,0.45)  (0.23,0.51) (0.20,0.49)  (0.26,0.61) 0.34 Yes

Note: The abbreviations and symbols are described in Table 1, Table 2 and Fig. 1.

important pathway determining leaf mass decline (P<0.05), while the leaf number and width did
not correlate significantly with leaf mass (P>0.05; Fig. 4). The primary pathway that determined
stem mass was stem length (P<0.05), but not stem diameter (Fig. 4). In addition, specific leaf area
was significantly increased in C2/1 treatment compared to the other three mowing regimes
(P<0.05; Fig. 4). Moreover, correlation analysis showed that there were significant negative
correlations between specific leaf area and plant traits (P<0.05; Fig. 5).
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Fig. 4 Effects of mowing intensities on aboveground biomass of Leymus chinensis (Trin.) Tzvel. Values with the
same letter are not significantly different (P>0.05) among the four mowing intensity treatments (a). The effect of
mowing on processes of leaf and stem biomass decline via plant functional traits pathways (b and c). Values
associated with arrows represent standardized path coefficients. Solid arrows represent significant paths (P<0.05)
in a fitted structural equation model (SEM), depicting impact of variables on leaf and stem mass accumulation per
individual. Results of model fitting: LBM, leaf biomass ()(2=2.860, P=0.239); SBM, stem biomass (X2=0.015,
P=0.901). Dashed arrows represent the directions and effects that were not significant (P>0.05). R* values
associated with response variables indicate the proportion of variation explained by relationships with other
variables. MI, mowing intensities. Other abbreviations are described in Table 1 and Fig. 1.
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Fig. 5 Correlations between specific leaf area with plant height and leaf morphological traits of Leymus
chinensis (Trin.) Tzvel. under the four mowing intensity treatments

3 Discussion

Plants use morphological plasticity to adapt to heterogeneous habitats and gain access to
resources effectively (Davidson et al., 2011). Previous studies have reported that plants become
smaller when subjected to continuous herbivore grazing pressure (Diaz et al., 2007). Theoretically,
the removal of photosynthetic shoot tissue by mowing can give insights into the role of
defoliation, which mainly occurs as a result of grazing and is a key mechanism by which large
herbivores affect grassland ecosystem functioning (Chen et al., 2014). Increasingly, we found
similar results indicating there are some similarities in the changes in plant functional traits
between mowing and grazing. The ecological advantage of reduced size in leaves and stems of
plants may be related to persistent pressure; for example, a previous study had found that
phenotypic plasticity served as an important mechanism to avoid disturbance in mown habitats
(Baoyin et al., 2014). By conducting a meta-analysis of 197 papers on the response of plants to
grazing, Diaz et al. (2007) showed that plant traits became physically smaller under increasing
grazing pressure. Hence plants adapt to mowing or grazing disturbance by means of phenotypic
plasticity, which serve as a rapid reaction mechanism.

Plant functional traits that are linked to ecosystem functions, such as productivity and
biodiversity, are adapted to mowing (Lavorel, 2013). We found that leaf number, leaf length, leaf
width, leaf area, stem length, stem diameter and plant height were impacted by long-term mowing,
with a significant decrease in these traits in clipped plants compared to the un-clipped plants.
However, not all grassland plant species have the same phenotypic plasticity reaction (Diaz et al.,
2007). For example, distinctions could be made between “mowing-susceptible” and
“mowing-resistant” plants in their responses to long-term stresses in heterogeneous habitats, and
L. chinensis is the dominant species in Inner Mongolian grassland that is mowing-susceptible (Li
et al., 2015b). Therefore, the reduction in physical characteristics of L. chinensis will likely have a
substantial effect on the structure and functioning of grassland ecosystems. Thus, the
mowing-susceptible nature of L. chinesis may lead to a cascade of reactions in the grassland,
beginning with functional traits, then progressing to other individuals, species, populations and
ecosystems (Lavorel et al., 2011; Makkonen et al., 2012).

Our results showed that mowing also indirectly changed biomass accumulation, through a
“bottom-up” effect of leaf and stem traits. In general, grassland productivity, which primarily
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relies on plant biomass, is an important function of a grassland ecosystem (Li et al., 2015b).
Under the pressure of human activity and climate change, the decrease of grassland productivity
could have a substantial impact on the global ecosystem (Li et al., 2014). To date, several studies
have reported on how productivity declines from the perspective of biodiversity loss (Middleton
et al., 2006). However, our results show that long-term mowing reduces the plant’s biomass,
which contributes to grassland productivity loss. Furthermore, aboveground biomass of plants
declined with mowing, because the clipped plants had reduced physical size and smaller organs.
Thus, disturbance-induced phenotypic plasticity of grassland plants is potentially a key process
related to the decline of grassland productivity.

In this study, we observed differences in allometries between different traits of L. chinensis
subjected to a range of mowing intensities. Our results are consistent with previous studies; for
example, Niu et al. (2009) reported the allometry of reproductive biomass in response to grazing,
and that plants alter allometric ratios to efficiently use resources in metastable habitats (Niu et al.,
2009). Previous studies have reported that allometry of different plants’ functional traits is a
common phenomenon in many ecosystems, where they serve as effective strategies for adaptation
in heterogeneous habitats, both long-term and short-term (Van Bodegom et al., 2012; Laing et al.,
2014). Therefore, our results of the allometry between leaf and stem to mowing disturbance may
be a useful strategy in disturbance avoidance.

Our results showed that some traits, such as stem traits and plant height, were sensitive to
mowing. Yet other traits, such as leaf number, leaf width and stem diameter, were not sensitive
traits to mowing. Leaves are the major functional organ in plants, and play many important roles.
Zheng et al. (2010) reported that leaf number of L. chinensis increased in response to long-term
grazing, while the size of leaves decreased across six grassland communities in the Xilin River
Basin of Inner Mongolia. In contrast, we found that leaf number decreased when plants were
clipped compared to that of un-clipped. The disparity between our results and those of Zheng et al.
(2010)’s could be explained as follows. First, the plant species were different in the two studies,
and there may be species-specific responses to mowing in leaf traits. Second, utilization history
affected the allometry relationship, with long-term mowing and grazing altering the ability to
increase leaf number under the pressure of grazing and mowing. Lastly, we collected samples
from plots, while Zheng et al. (2010) collected from transects. The tradeoff between leaf number
and leaf size may, therefore, be contingent on species, grazing history, and/or ecological scale.

Moreover, we also found that leaf length/width, stem length/diameter and leaf mass per area
(i.e. inverse specific leaf area) decreased in habitats subjected to mowing. These results suggest
that they are strategies for a plant to limit photosynthesis with the reduced size of individual L.
chinensis plants. This hypothesis is supported by a previous study, where these traits were related
to plant photosynthesis. Laliberté and Tylianakis (2012) found that leaves became thinner in
plants that had low leaf mass per area in disturbed environments. Therefore, the observed
allometry in leaf and stem phenotypic and biomass traits in plants subjected to long-term mowing
implies that L. chinensis may have adaptive photosynthesis strategies when subjected to mowing.

4 Conclusions

In conclusion, we found that the majority of leaf, stem and individual plant functional traits of L.
chinensis in natural semi-arid grassland were significantly affected by mowing disturbances.
Additionally, the plasticity indices were positively correlated with mowing intensity. Different
functional traits appeared to respond asymmetrically to long-term mowing disturbances. In
general, stem traits responded to mowing with higher plasticity than leaf traits. The sensitive traits
and insensitive traits of L. chinensis were similar across all mowing intensities. Correlating
mowing and the asymmetric responses of traits, we found significant allometric relationships
among most L. chinensis functional traits. In addition, the sensitive traits of L. chinensis, such as
leaf length and stem length, were the most important pathways determining the decline of
aboveground biomass induced by long-term mowing. Therefore, we demonstrated that plant
species (e.g. the dominant L. chinensis plants) in natural semi-arid grassland can develop an
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enhanced adaptive ability in response to long-term continuous mowing by means of changes in
allometry between leaf and stem functional traits.
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