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Abstract

To investigate the effects of grazing frequency on functional traits and to test
whether Stipa gandis exhibits compensatory photosynthesis during periods of
frequent grazing, we examined morphological traits, biomass allocation, photo-
synthetic traits, and chlorophyll fluorescence parameters of this species in Inner
Mongolia, China. The grazing frequency treatments comprised fencing (T0),
grazing in May and July (T1, i.e., two months per year), and grazing from
May to September (T2, i.e., continuous five months per year). Results indi-
cated that T1 and T2 treatments did not affect individual biomass, but the T2
treatment negatively impacted individual size, i.e., plant height, stem length,
and leaf length. Physiological traits of S. grandis were significantly affected by
grazing, year, and their interaction. In July 2014 (i.e., dry environment and
low relative humidity), the photosynthetic rate, transpiration rate, and water
use efficiency were highest under the T2 treatment, which was attributed to in-
creased stomatal conductance. However, in July 2015 (i.e., wet environment and
high relative humidity), the photosynthetic rate and water use efficiency were
higher under T1 and T2 treatments, resulting from increased actual quantum
efficiency and stomatal conductance. Our results suggest that under frequent
grazing treatment, S. grandis maintained small stature and efficient compen-
satory photosynthesis, which enhanced its resistance to severe grazing.
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Preamble

Grazing every month minimizes size but boosts photosynthesis in
Stipa grandis in the steppe of Inner Mongolia, China
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Abstract: To explore the effects of grazing frequency on functional traits and
test whether Stipa grandis exhibits compensatory photosynthesis under frequent
grazing, we investigated morphological traits, biomass allocation, photosyn-
thetic characteristics, and chlorophyll fluorescence parameters of this species
in Inner Mongolia, China. The grazing frequency treatments included fencing
(T0), grazing in May and July (T1, i.e., two months per year), and grazing from
May to September (T2, i.e., continuous five months per year). Results indicated
that T1 and T2 treatments did not affect individual biomass, but the T2 treat-
ment negatively impacted individual size, specifically plant height, stem length,
and leaf length. Physiological traits of S. grandis were significantly affected by
grazing, year, and their interaction. In July 2014 (dry environment with low
relative humidity), the photosynthetic rate, transpiration rate, and water use
efficiency were highest under the T2 treatment, driven by increased stomatal
conductance. However, in July 2015 (wet environment with high relative humid-
ity), the photosynthetic rate and water use efficiency were higher under both
T1 and T2 treatments, resulting from increased actual quantum efficiency and
stomatal conductance. Our results imply that under frequent grazing, S. gran-
dis adopts a strategy of reduced stature combined with efficient compensatory
photosynthesis, which enhances its resistance to severe grazing.

Keywords: grazing frequency; morphological traits; gas exchange; photochem-
ical efficiency; water use efficiency

1 Introduction

In China, a survey by the Ministry of Environmental Protection indicated that
approximately 31.8% of natural grasslands are degraded. In fact, 74.0% of grass-
lands in Xilin Gol, Inner Mongolia, are degraded (Wang et al., 2017), which seri-
ously threatens animal husbandry production and local herdsmen’ s livelihoods.
Since the 1990s, steppe degradation in Inner Mongolia has become increasingly
severe (Wang et al., 2009). Studies have revealed that overgrazing—resulting
from high stocking rates and static grazing management—is the most important
cause of grassland degradation (Akiyama and Kawamura, 2007). To address this
problem, the government proposed a project in 2003 to restore pasturage to nat-
ural grassland, implementing approaches such as intermittent grazing and graz-
ing bans. Intermittent grazing has become an important conservation method
in temperate grasslands (Dorrough, 2004).

Plant functional traits include morphological, physiological, and life history char-
acteristics that affect plant fitness by influencing survival, growth, and repro-
duction (Violle et al., 2007). Functional traits can effectively relate environ-
mental factors and plant responses to ecosystem structure and function (Diaz
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and Cabido, 2001; Lavorel et al., 2007). Exploring the mechanisms of grassland
plant responses to grazing through changes in functional traits has drawn consid-
erable research attention (Louault et al., 2005). Rusch et al. (2009) found that
leaf area index, leaf dry matter content, plant height, and other traits showed
significant changes induced by livestock intake and resource supply, with graz-
ing effects being more pronounced when resource availability was high. Diaz et
al. (2007) confirmed that grazing favored annual, short, prostrate, and stolonif-
erous plants over perennial, tall, erect, tussock plants, because short species
suffer less grazing pressure and are protected by the cover of tall species. For
herbivores, species with small leaflets require more bites to achieve the same
leaf intake as species with larger leaves (Vesk et al., 2004).

In addition to directly removing biomass, grazing effects on plants can indi-
rectly influence photosynthetic traits (Zangerl et al., 2002; Aldea et al., 2005).
Many studies have observed reduced growth of defoliated grasses induced by the
loss of photosynthetic tissues (Belsky, 1986; Ferraro and Oesterheld, 2002; van
Staalduinen and Anten, 2005). Studies on steppe have revealed that overgrazing
significantly reduced the photosynthetic rate, transpiration rate, and water use
efficiency of Leymus chinensis and Stipa grandis (Chen et al., 2005; Zhao et al.,
2009; Zheng et al., 2011). However, in some circumstances, defoliation can stim-
ulate growth by improving photosynthesis (Anderson et al., 2006; Ruizr et al.,
2008). Four plant species in Hunshandake Sandy Land showed compensatory
photosynthetic growth under moderate grazing (Peng et al., 2007). Recently,
some studies have found that plant trait responses to grazing are affected by
resources (Adler et al., 2004; Vesk et al., 2004; Rusch et al., 2009) and graz-
ing frequency and intensity (Diaz et al., 2007; N° Guessan and Hartnett, 2011).
Zheng et al. (2015) proposed that soil moisture mediated the effects of graz-
ing on plant functional traits. Thus, considerable uncertainty remains about
how plant photosynthetic traits respond to grazing, particularly regarding the
effects of different grazing frequencies. This represents an important barrier to
understanding plant biological processes and formulating intermittent grazing
management policies.

S. grandis is one of the dominant species in the steppe of Inner Mongolia, China.
The grazing tolerance of plants and their growth response after grazing are al-
ways closely related to their photosynthetic capacity. Measuring the response of
leaf-level photosynthetic characteristics to different grazing frequencies is ben-
eficial for adjusting grazing regimes to achieve optimal photosynthesis, growth,
and yield (Harrision et al., 2010). The objective of this study was to quantify
changes and patterns in morphological and photosynthetic traits of S. grandis
under three grazing frequencies, with results compared between July 2014 (dry
environment) and July 2015 (wet environment). Specifically, we also examined
the mechanisms of photosynthetic change by measuring chlorophyll fluorescence
to better understand these traits. We addressed two main questions: (1) Do the
two grazing frequencies affect the biomass and morphological traits of S. gran-
dis? and (2) How do the two grazing frequencies affect photosynthetic traits?
Additionally, we assessed whether these effects changed under different envi-
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ronmental conditions (wet and dry) and attempted to identify the underlying
causes of observed changes in terms of stomatal conductance and chlorophyll
fluorescence.

2.1 Study area and experimental design

The study area was located on the Maodeng Ranch, Xilin Gol League of In-
ner Mongolia, China (44°09 03 N, 116°29 04 E; 1160 m a.s.l.), which features a
temperate semi-arid prairie climate with chestnut soil. The annual mean tem-
perature was -0.4°C; specifically, the mean temperature was -19.0°C during the
coldest month (January) and 21.4°C during the hottest month (July). The an-
nual accumulated temperature ($ $10°C) was 1597.9°C and the frost-free period
lasted for 100 days. The growing season of grassland plants ranged from May to
September and the average annual precipitation was 237 mm. The constructive
species in the study area were Stipa grandis and Leymus chinensis, and the ac-
companying species were Cleistogenes squarrosa, Saposhnikovia divaricata, and
Artemisia frigida.

Three treatments with different grazing frequencies were established in the study
area: fencing (T0), grazing in May and July (T1, i.e., two months per year),
and grazing from May to September (T2, i.e., continuous five months per year).
Grazing started on the 21st day of each month. In cases of inclement weather,
such as rain, the grazing start date was postponed. The size of each grazed
plot was set at 33.3 m x 33.3 m, with a total area of 0.1 hm?. The grazing
experiment began in May 2012. The sheep used for experiments were Ujumugin
sheep born in the same year, with a stocking rate of 6 sheep per plot. In grazing
treatments, grazing stopped when the plant community height reached 6 cm,
and the number of grazing days was recorded. Morphological and photosynthetic
traits were measured in each grazing plot at the end of July in 2014 and 2015,
with plants in the grazing plots being freely accessible to grazing.

2.2 Morphological traits and biomass

We randomly selected 30 bunches of S. grandis in each plot and measured height,
leaf length, and stem length. Height was measured from ground to natural
crown. Stem, leaf, and relative chlorophyll content were measured five times,
and average values were used to represent the traits of the entire bunch. The
relative chlorophyll content of the top fully expanded leaf was determined using
a SPAD chlorophyll meter (SPAD 502, Minolta Corp., Ramsey, NJ, USA). In
each grazing plot, nine bunches of S. grandis were randomly clipped and divided
into leaf, stem, litter, and spike samples. Samples were dried at 65°C for 24 h
to obtain the dry mass of each component.

2.3 Daily dynamics of gas exchange parameters

Three clusters of healthy growing S. grandis per grazing treatment were ran-
domly selected, and daily changes in leaf gas exchange parameters were mea-
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sured using a LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln,
NE, USA). Duwring measurements, leaves were fully arranged within the leaf
chamber; specifically, leaves were horizontal, close to one another, and did not
overlap. The photosynthesis system recorded net photosynthetic rate (PN, mol
CO,/(m? - s)), intercellular CO, concentration (Ci, mol CO,/mol), stomatal
conductance (Gs, mol HyO/(m? - s)), transpiration rate (E, mmol H,O/(m? -
s)), air temperature (Tair, °C), and relative humidity (RH, %). Measurements
were conducted once every 2 h between 06:00 and 18:00 (LST). For each mea-
surement, three sets of data were recorded. Water use efficiency (WUE, mol
CO,/mmol H,0) was calculated using the equation: WUE = PN/E. The pho-
tosynthesis measurement system was inspected each day before measurements
began, and a data-matching operation was carried out before recording.

2.4 Light response curve and parameter fitting

On sunny days between 08:30 and 11:00, the portable photosynthesis system
with a 2 cm x 3 cm leaf chamber and a red and blue light source (LI-6400-
02B LED, LI-COR, Lincoln, NE, USA) was used to measure the light response
curve of healthy S. grandis leaves. Three clusters of healthy growing S. grandis
were randomly selected per grazing plot. Twelve photosynthetic active radiation
(PAR) levels were utilized in the following order: 2000, 1800, 1500, 1200, 800,
400, 200, 100, 80, 50, 20, and 0 mol photon/(m? - s), with the leaf chamber
temperature set at 25°C. The system automatically recorded the net photosyn-
thetic rates corresponding to each radiation level. The light response curve
was fitted using an improved non-rectangular hyperbola (Ye, 2007). The max-
imum net photosynthetic rate (Amax), apparent quantum efficiency (AQE),
light compensation point (LCP), and dark respiration rate (Rd) under lighting
were simulated.

2.5 Chlorophyll fluorescence parameters

At 06:00, minimum fluorescence (Fo) and maximum fluorescence (Fm) under
dark adaptation were measured (by wrapping plant leaves in tin foil overnight)
using the photosynthesis system and chlorophyll fluorescence leaf chambers (LI-
6400 LCF, LI-COR, Lincoln, NE, USA). Subsequently, the tinfoil sheets were
removed, and sunlight was allowed to naturally illuminate leaves to stimulate
photosynthesis. At 10:00, minimum fluorescence (Fo’ ), maximum fluorescence
(Fm’ ), and stable fluorescence (Fs) under light adaptation were measured with
a photosynthetic active radiation of 1500 mol photon/(m? - s). Five clusters of
healthy S. grandis were selected per grazing plot.

Based on these four basic fluorescence parameters, we calculated four parameters
characterizing photochemical states during the photoreaction stage: (1) PSII
maximum quantum yield under dark adaptation (Fv/Fm), where Fv denotes
variable fluorescence of leaves under dark adaptation and was calculated as Fv
= Fm -Fo; (2) PSII effective quantum yield under light adaptation (®PSII),
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calculated as ®PSII = (Fm’ -Fs)/Fm’ | reflecting the active portion of photon
absorption in the PSII reaction center; (3) chlorophyll photochemical quenching
(qP), calculated as qP = (Fm’-Fs)/(Fm’-Fo’ ), reflecting the percentage of open
PSII reaction centers; and (4) chlorophyll non-photochemical quenching (NPQ),
calculated as NPQ = (Fm -Fm’ )/Fm, reflecting the portion of light energy
absorbed by the photosynthetic apparatus that is dissipated as heat, which
usually indicates the degree of stress plants are experiencing (Maxwell et al.,
2000).

2.6 Data analysis

The effects of grazing frequency, sampling year, and their interaction on mor-
phological traits, biomass, and physiological traits were analyzed via two-way
ANOVA. Differences among measured parameters from different grazing treat-
ments were tested via one-way ANOVA, with differences compared using a
Tukey test. We assessed correlations between photosynthetic traits (gas ex-
change) using Pearson’ s correlation analysis in SPSS 20.0 (IBM Inc., Chicago,
IL, USA). Graphs were drawn with OriginPro 2016 (OriginLab, Northampton,
MA, USA).

3.1 Morphological traits and biomass allocation

Height, stem length, and leaf length significantly decreased under the T2 treat-
ment (P < 0.05; Table 1 ). For example, plant height declined by an average of
30%, stem length by 27%, and leaf length by 20%. Most morphological traits
were not affected under the T1 treatment (P > 0.05; Table 1). In 2014, chloro-
phyll content increased by 11% under the T1 treatment. Neither T1 nor T2
treatments significantly affected individual biomass or biomass allocation of S.
grandis (P > 0.05; Table 1).

Table 1 Morphological traits and biomass distribution of S. grandis under three
grazing frequencies

Morphological trait and biomass TO0 T1 T2

Height (cm) - - -
Stem length (cm) - - -
Leaf length (cm) - - -
Chlorophyll content (%) - - -
Leaf mass (g) - - -
Stem mass (g) - - -
Litter mass (g) - - -
Spike mass (g) - - -

Note: Morphology and chlorophyll data are means (n=30) and biomass data
are means (n=9). Different lowercase letters in the same row are significantly
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different at P < 0.05 level. TO0, fencing; T1, grazing in May and July;, T2,
grazing from May to September.

3.2 Leaf physiological traits

The physiological traits measured in this study, primarily gas exchange and
chlorophyll fluorescence, are closely related to environmental factors on mea-
surement days. The mean PAR values in 2014 and 2015 were 1068 and 1233
pmol/(m? + s), respectively. The mean Tair values were 36.3°C and 32.0°C, re-
spectively. The mean RH values were 24.9% and 44.2%, respectively. Hence,
environmental conditions in July 2014 were drier than in July 2015.

Grazing, year, and their interaction significantly influenced PN (P < 0.01). In
2014, PN under the T2 treatment was significantly higher than under T0 (P
< 0.05), increasing almost 4-fold. In 2015, PN under the T1 treatment was
significantly higher than under TO (P < 0.05), increasing almost 2-fold (Fig. 1
[Figure 1: see original paper]).

Grazing and year, and their interaction, significantly influenced E (P < 0.05).
In 2014, E under the T2 treatment was significantly higher than under T1 and
TO (P < 0.05). In 2015, there were no significant differences in E among the
three grazing frequencies (Fig. 1).

Grazing and year significantly influenced WUE (P < 0.01), but their interac-
tion was not significant (P = 0.177). In 2014, WUE gradually increased with
increasing grazing frequencies (P = 0.098). In 2015, WUE values under T1 and
T2 treatments were significantly higher than under TO (P < 0.05), increasing
by 77% (Fig. 1).

Fig. 1 Net photosynthetic rate (PN, a), transpiration rate (E, b), and water
use efficiency (WUE, ¢) under three grazing frequencies in 2014 and 2015. Bars
represent standard error (n=3). Different lowercase letters represent significant
differences (Tukey test, P < 0.05) among TO (fencing), T1 (grazing in May
and July), and T2 (grazing from May to September) treatments in 2014, and
different capital letters represent significant differences in 2015.

Gs was significantly influenced by grazing, year, and their interaction (P < 0.05).
In 2014, Gs under the T2 treatment was significantly higher than under T1 and
TO0 (P < 0.05). In 2015, there were no significant differences in Gs among the
three grazing frequencies (P = 0.05; Fig. 2 [Figure 2: see original paper]). Ci
was not significantly influenced by grazing, year, or their interaction (P > 0.05),
and Ci followed the order TO > T1 > T2 in both years (Fig. 2).

Fig. 2 Stomatal conductance (Gs, a) and intercellular CO, concentration (Ci,
b) under three grazing frequencies in 2014 and 2015. Bars represent standard
error (n=3). Different lowercase letters represent significant differences (Tukey
test, P < 0.05) among T0, T1, and T2 treatments in 2014, and different capital
letters represent significant differences in 2015.
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Gs was significantly correlated with PN and E across all three grazing frequen-
cies. The correlation coefficient between Gs and Ci was significant (r = -0.49)
only under the T2 treatment (Table 2 ).

Table 2 Correlations between photosynthetic traits of S. grandis under three
grazing frequencies

Photosynthetic traits T0 T1 T2

PN-Gs - - -
PN-Ci - - -
PN-WUE - - -
Gs-Ci - - -
Gs-WUE - - -
Ci-WUE - - -
E-WUE - - -

Note: PN, net photosynthetic rate; Gs, stomatal conductance; Ci, intercellular
CO, concentration; E, transpiration rate; WUE, water use efficiency. and **
indicate significant differences at P < 0.05 and P < 0.01 levels, respectively; ns
indicates non-significance.*

In 2014, LCP, AQE, Rd, and Amax showed no significant differences among
grazing frequencies (Table 3 ). In 2015, LCP values followed the order TO > T1
> T2, with LCP under TO significantly higher than under T2 (P < 0.05; Table
3). The Rd value under TO was significantly higher than under T1 and T2 (P
< 0.05; Table 3).

Table 3 Photosynthetic traits of S. grandis under three grazing frequencies

Parameter 2014 2015

TO T1
LCP - -
AQE - -
Rd - -
Amax - -

Note: Data are means (n=3), and different lowercase letters in the same row are
significantly different at P < 0.05 level according to the Tukey test. LCP, light
compensation point; AQE, apparent quantum efficiency; Rd, dark respiration
rate; Amax, maximum photosynthetic rate.

In 2014, Fv/Fm, P, NPQ, and ®PSII showed no significant differences among
treatments (Table 4 ). In 2015, Fv/Fm initially increased then decreased with
increasing grazing frequency. The qP and ®PSII under the T2 treatment were
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significantly higher than under TO (P < 0.05; Table 4). NPQ showed a decreas-
ing trend with increasing grazing frequencies (P > 0.05).

Table 4 Chlorophyll fluorescence traits of S. grandis under three grazing fre-
quencies

Parameter 2014 2015

TO T1
Fv/Fm - -
aP - -
NPQ - -
®PSII - -

Note: Data are means (n=>5), and different lowercase letters in the same row
are significantly different at P < 0.05 level according to the Tukey test. Fv/Fm,
mazimum quantum yield of photosystem II; qP, photochemical quenching; NPQ,
non-photochemical quenching; ®PSII, effective quantum yield of photosystem II.

4.1 Responses of biomass and morphological traits to graz-
ing

This research found that the two grazing frequencies did not affect individual
biomass or biomass allocation of S. grandis, consistent with previous studies
focusing on different grazing intensities (Schiborra et al., 2009; Hu et al., 2016).
This result may be explained by sheep diet selection and functional trait re-
sponses of S. grandis. First, in steppe environments, sheep prefer Leymus chi-
nensis and Carex lanceolata over S. grandis when herbage is abundant (Wang,
2000). Therefore, S. grandis is a relatively unpalatable species for sheep, re-
sulting in a neutral biomass response to increasing grazing frequency. Second,
adaptive traits may compensate for tissues injured by grazing (Wan et al., 2015),
such as increased PN, which is closely associated with relative growth rate (Ship-
ley, 2002, 2006).

We demonstrated that grazing every month (i.e., T2) decreased the stature of
S. grandis, including height, stem length, and leaf length, though these results
were not observed under the T1 treatment. This aligns with other studies in
Inner Mongolia (Zhao et al., 2009; Zheng et al., 2011; Li et al., 2015) and with
Rusch et al. (2009). The different responses of morphological traits support the
hypothesis that grazing intensity regulates plant trait responses (Adler et al.,
2004). Small stature is an advantageous characteristic under frequent grazing
because it may reduce the likelihood of plants being detected by herbivores.
However, small stature may also create gaps in the original community, which
could facilitate invasion by pioneer species and thus affect community diversity.
Dorrough et al. (2004) found that intermediate grazing frequency maximized
species coexistence due to invasion. Therefore, morphological traits of dominant
species play an important role in determining community succession.
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Unaffected biomass combined with reduced stature under grazing implies promo-
tion of net primary production, supporting the grazing optimization hypothesis
(McNaughton, 1979). Increased photosynthetic rate has been proposed as a
mechanism to account for this hypothesis (Painter and Detling, 1981).

4.2 Responses of physiological traits to grazing

Compensatory photosynthesis represents an important mechanism for plant leaf
regrowth (Detling et al., 1979) and tolerance to herbivores (Gassmann, 2004).
Grazing significantly promoted PN, with a greater increase under the T2 treat-
ment (dry environment) than under the T1 treatment (wet environment). This
partially supports the hypothesis that plants suffering from drought and her-
bivory are more resistant to herbivores (Copolovici et al., 2014), which in our
study was caused by a significant increase in Gs. The increase in PN under graz-
ing is consistent with other studies (Hodgkinson, 1974; Wallace, 1990; Yan et
al., 2009; Harrision et al., 2010). The increased PN may also be due to increased
leaf nitrogen content (Morrison and Reekie, 1995). However, other studies have
found that PN showed decreasing or fluctuating tendencies (Peng et al., 2007;
Fahnestock and Detling, 2000; Zheng et al., 2011), which could be caused by
separated vasculature, changed sink demand, and defense-induced autotoxicity
(Nabity et al., 2008). These differences can be attributed to variations in plant
species and grazing intensities (Hou, 2001). Nevertheless, this study suggests
that the increase in PN after grazing in arid environments came at the expense
of increased water dissipation.

E significantly increased under the T2 grazing treatment in the dry environment,
which can also be explained by increased Gs. This is similar to results reported
by Peng et al. (2007) for four dominant grasses in northern Chinese grasslands,
but differs from Deng et al. (2012), who reported decreasing transpiration rates
in Leymus chinensis with increasing grazing intensity. This discrepancy likely
reflects different mechanisms for coping with grazing stress: the bunchgrass S.
grandis tends to enhance carbon sequestration by increasing its transpiration
rate, while the rhizomatous grass L. chinensis adopts a strategy of decreasing
transpiration and water loss.

In this study, WUE significantly increased under both grazing frequencies in the
wet environment, but did not change significantly in the dry environment. This
indicates that plants used water more efficiently when grazing occurred, while
becoming more conservative in arid environments. This result is consistent
with Zheng et al. (2011), who stated that grazing had a more positive effect
on WUE in wet years than in dry years. Zhao et al. (2009) found that heavy
grazing reduced the WUE of L. chinensis. Another study found that WUE first
increased then decreased with increasing grazing intensities, showing a positive
response to continuous grazing (Peng et al., 2007). We speculate that neither T1
nor T2 grazing reached heavy grazing levels, and S. grandis exhibited a positive
response to grazing.
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In this study, the T2 treatment in the dry environment significantly promoted
Gs, consistent with previous studies (Christiansen and Svejcar, 1988; Redondo-
Gémez et al., 2010; Anderson et al., 2013). Potential causes include changes in
stomatal physiology, such as increased stomatal density and stomatal conduc-
tance index (Zhang et al., 2010), increased root biomass and root length density
(Chen et al., 2015), and decreased self-shading or increased solar radiation re-
ceived by individual plants (Cai et al., 2004; Gregoriou et al., 2007). Our study
focused only on the vigorous growth stage of S. grandis, yet the impact of herbi-
vores on photosynthetic traits is influenced by phenological cycles (Maschinski
and Whitham, 1989), which requires further investigation.

Ci is used to determine the drivers of photosynthetic changes and whether they
are caused by stomatal factors (Farquhar and Sharkey, 1982; Xu, 1997). Ci was
not influenced by grazing frequency in this study (P > 0.05), consistent with
published results on wheat leaves (Macedo et al., 2007; Harrison et al., 2010).
Considering the increases in both stomatal conductance and photosynthetic rate,
we speculate that light energy harvest or carbon fixation in S. grandis leaves
increased.

The T1 and T2 treatments did not significantly influence AQE and Amax, indi-
cating that changes in grazing frequency did not alter photosynthetic efficiency
of S. grandis leaves. This is consistent with findings that grazing effects on AQE
of a Mediterranean shrub were very limited (Redondo-Goémez et al., 2010).

In this study, qP and ®PSII under the T2 treatment were significantly higher
than under TO in the wet environment, indicating that quantum efficiency of
PSII electron transport in the light increased (Murchie and Lawson, 2013). How-
ever, in 2014, no fluorescence traits showed significant differences, indicating
that grazing frequencies in the dry environment had limited effects on electron-
transfer efficiency. These different results can be explained by water stress
reducing PSII photochemistry efficiency (Lu and Zhang, 1999).

Combining all functional traits, we found that S. grandis has strong resistance to
grazing, adopting both avoidance and tolerance strategies. As grazing frequency
increased, individual size decreased, while increased PN and WUE values indi-
cated rapid recovery of damaged plants. However, in dry environments, the
positive effect of the tolerance strategy was partially offset.

5 Conclusions

We conclude that grazing frequencies did not affect individual biomass of S.
grandis, but the T2 treatment negatively impacted individual size. Plant minia-
turization is an effective strategy to cope with long-term overgrazing. To explore
the mechanism of biomass acclimation, we studied the photosynthetic response
of the species. We found that S. grandis used a radical approach to compen-
sate for the negative effects of grazing on its morphology by increasing stomatal
conductance and thus promoting PN, which accelerates water dissipation. This
strategy worked well in wet conditions with increased WUE, but did not signifi-
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cantly affect WUE in dry conditions. Additionally, photosynthetic light-energy
harvest increased under the T2 grazing treatment, which also explained the
increase in PN. The response of individual biomass, morphology, and photosyn-
thetic traits to grazing demonstrated that S. grandis is a species with strong
resistance and plays an important role in regulating community productivity
and functional stability.

Acknowledgements: This work was funded by the National Basic Research
Program of China (2016YFC0500502), the National Key Basic Research Pro-
gram of China (2014CB138803), the National Natural Science Foundation of
China (31570451), and the Program for Changjiang Scholars and Innovative
Research Team in University (IRT {15R06}). We thank the Grassland Ecosys-
tem Field Station of Inner Mongolia University for providing the grazing site
and BAOYIN Taogetao for advice on early experimental design.

References

Akiyama T, Kawamura K. 2007. Grassland degradation in China: methods of
monitoring, management and restoration. Grassland Science, 53(1): 1-17.

Aldea M, Hamilton J G, Resti J P, et al. 2005. Indirect effects of insect herbivory
on leaf gas exchange in soybean. Plant, Cell and Environment, 28(3): 402-411.

Adler P B, Milchunas D G, Lauenroth W K, et al. 2004. Functional traits of
graminoids in semi-arid steppes: a test of grazing histories. Journal of Applied
Ecology, 41(4): 653-663.

Anderson T M, Dong Y, McNaughton S J. 2006. Nutrient acquisition and
physiological responses of dominant Serengeti grasses to variation in soil texture
and grazing. Journal of Ecology, 94(6): 1164-1175.

Anderson T M, Kumordzi B B, Fokkema W, et al. 2013. Distinct physiologi-
cal responses underlie defoliation tolerance in African lawn and bunch grasses.
International Journal of Plant Sciences, 174(5): 769-778.

Belsky A J. 1986. Does herbivory benefit plants? A review of the evidence. The
American Naturalist, 127(6): 870-892.

Cai Z Q, Qi X, Cao Q F. 2004. Response of stomatal characteristics and its
plasticity to different light intensities in leaves of seven tropical woody seedlings.
Chinese Journal of Applied Ecology, 15(2): 201-204. (in Chinese)

Chen S P, Bai Y F, Lin G H, et al. 2005. Effects of grazing on photosynthetic
characteristics of major steppe species in the Xilin River Basin, Inner Mongolia,
China. Photosynthetica, 43(4): 559-565.

Chen W J, Dong T, Gu C, et al. 2015. Effect of different grazing intensities on
root characteristics of Stipa grandis. Chinese Journal of Grassland, 37(4): 86-
91. (in Chinese)

chinarxiv.org/items/chinaxiv-201807.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-201807.00033

ChinaRxiv [$X]

Christiansen S, Svejcar T. 1988. Grazing effects on shoot and root dynamics and
above- and below-ground non-structural carbohydrate in Caucasian bluestem.
Grass Forage Science, 43(2): 111-119.

Copolovici L, Kédnnaste A, Remmel T, et al. 2014. Volatile organic compound
emissions from Alnus glutinosa under interacting drought and herbivory stresses.
Environmental and Experimental Botany, 100: 55-63.

Deng Y, Liu X N, Xin X P, et al. 2012. Diurnal dynamics of photosynthetic
characteristics of Leymus chinensis under different grazing intensities taking the
Hulunber meadow steppe as an example. Acta Prataculturae Sinica, 21(3): 308-
313. (in Chinese)

Detling J K, Dyer M I, Winn D T. 1979. Net photosynthesis, root respiration,
and regrowth of Bouteloua gracilis following simulated grazing. Oecologia, 41(2):
127-134.

Diaz S, Cabido M. 2001. Vive la différence: plant functional diversity matters
to ecosystem processes. Trends in Ecology € FEvolution, 16(11): 646-655.

Diaz S, Lavorel S, McIntyre S U E, et al. 2007. Plant trait responses to grazing-
a global synthesis. Global Change Biology, 13(2): 313-341.

Dorrough J, Ash J, Mclntyre S. 2004. Plant responses to livestock grazing
frequency in an Australian temperate grassland. Ecography, 27(6): 798-810.

Fahnestock J T, Detling J K. 2000. Morphological and physiological responses
of perennial grasses to long-term grazing in the Pryor Mountains, Montana. The
American Midland Naturalist, 143(2): 312-320.

Farquhar G D, Sharkey T D. 1982. Stomatal conductance and photosynthesis.
Annual Review of Plant Physiology, 33(1): 317-345.

Ferraro D O, Oesterheld M. 2002. Effect of defoliation on grass growth. A
quantitative review. Oikos, 98(1): 125-133.

Gassmann A J. 2004. Effect of photosynthetic efficiency and water availability
on tolerance of leaf removal in Amaranthus hybridus. Journal of Ecology, 92(5):
882-892.

Gregoriou K, Pontikis K, Vemmos S. 2007. Effects of reduced irradiance on leaf
morphology, photosynthetic capacity, and fruit yield in olive (Olea europaea L.).
Photosynthetica, 45(2): 172-181.

Harrison M T, Kelman W M, Moore A D, et al. 2010. Grazing winter wheat
relieves plant water stress and transiently enhances photosynthesis. Functional
Plant Biology, 37(8): 726-736.

Hodgkinson K. 1974. Influence of partial defoliation on photosynthesis, pho-
torespiration and transpiration by lucerne leaves of different ages. Australian
Journal of Plant Physiology, 1(4): 561-578.

chinarxiv.org/items/chinaxiv-201807.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-201807.00033

ChinaRxiv [$X]

Hou F J. 2001. Effect of grazing on photosynthesis and respiration of herbage
and its absorption and transportation of nitrogen and carbon. Chinese Journal
of Applied Ecology, 12(6): 938-942. (in Chinese)

Hu J, Hou X Y, Sa R L, et al. 2016. Regulatory effects of Stipa grandis on
above-ground biomass of plant community in grazing ecosystem. Acta Agrestia
Sinica, 24(1): 1-11. (in Chinese)

Lavorel S, Diaz S, Cornelissen J H C, et al. 2007. Plant functional types: are
we getting any closer to the holy grail? In: Canadell J G, Pataki D E, Pitelka

L F. Terrestrial Ecosystems in a Changing World. Berlin Heidelberg: Springer-
Verlag, 149-164.

Li XL, WuZN, Liu Z Y, et al. 2015. Contrasting effects of long-term grazing
and clipping on plant morphological plasticity: evidence from a rhizomatous
grass. PLoS ONE, 10(10): e0141055.

Louault F, Pillar V D, Aufrere J, et al. 2005. Plant traits and functional types
in response to reduced disturbance in a semi-natural grassland. Journal of
Vegetation Science, 16(2): 151-160.

Lu C M, Zhang J H. 1999. Effects of water stress on photosystem II photochem-
istry and its thermostability in wheat plants. Journal of Experimental Botany,
50(336): 1199-1206.

Macedo T B, Peterson R K D, Dausz C L, et al. 2007. Photosynthetic responses
of wheat, Triticum aestivum L., to defoliation patterns on individual leaves.
Environmental Entomology, 36(3): 602-608.

Maschinski J, Whitham T G. 1989. The continuum of plant responses to her-
bivory: the influence of plant association, nutrient availability, and timing. The
American Naturalist, 134(1): 1-19.

Maxwell K, Johnson G N. 2000. Chlorophyll fluorescence-a practical guide.
Journal of Experimental Botany, 51(345): 659-668.

McNaughton S J. 1979. Grazing as an optimization process: grass-ungulate
relationships in the Serengeti. The American Naturalist, 113(5): 691-703.

Morrison K D, Reekie E G. 1995. Pattern of defoliation and its effect on photo-
synthetic capacity in Oenothera biennis. Journal of Ecology, 83(5): 759-767.

Murchie E H, Lawson T. 2013. Chlorophyll fluorescence analysis: a guide to
good practice and understanding some new applications. Journal of Experimen-
tal Botany, 64(13): 3983-3998.

Nabity P D, Zavala J A, DeLucia E H. 2008. Indirect suppression of photosyn-
thesis on individual leaves by arthropod herbivory. Annals of Botany, 103(4):
655-663.

N’ Guessan M, Hartnett D C. 2011. Differential responses to defoliation fre-
quency in little bluestem (Schizachyrium scoparium) in tallgrass prairie: impli-

chinarxiv.org/items/chinaxiv-201807.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-201807.00033

ChinaRxiv [$X]

cations for herbivory tolerance and avoidance. Plant Ecology, 212(8): 1275-
1285.

Painter E L, Detling J K. 1981. Effects of defoliation on net photosynthesis and
regrowth of western wheatgrass. Journal of Range Management, 34(1): 68-71.

Peng Y, Jiang G M, Liu X H, et al. 2007. Photosynthesis, transpiration and
water use efficiency of four plant species with grazing intensities in Hunshandak
Sandland, China. Journal of Arid Environment, 70(2): 304-315.

Redondo-Gémez S, Mancilla-Leytén J M, Mateos-Naranjo E, et al. 2010. Differ-
ential photosynthetic performance of three Mediterranean shrubs under grazing
by domestic goats. Photosynthetica, 48(3): 348-354.

Ruizr N, Ward D, Saltz D. 2008. Leaf compensatory growth as a tolerance
strategy to resist herbivory in Pancratium sickenbergeri. Plant Ecology, 198(1):
19-26.

Rusch G M, Skarpe C, Halley D J. 2009. Plant traits link hypothesis about
resource-use and response to herbivory. Basic and Applied Ecology, 10(5): 466-
474.

Schiborra A, Gierus M, Wan H W, et al. 2009. Short-term responses of a Stipa
grandis/ Leymus chinensis community to frequent defoliation in the semi-arid
grasslands of Inner Mongolia, China. Agriculture, Ecosystems € Environment,
132(1): 82-90.

Shipley B. 2002. Trade-offs between net assimilation rate and specific leaf area in
determining relative growth rate: relationship with daily irradiance. Functional
Ecology, 16(5): 682-689.

Shipley B. 2006. Net assimilation rate, specific leaf area and leaf mass ratio:
which is most closely correlated with relative growth rate? A meta-analysis.
Functional Ecology, 20(4): 565-574.

Van Staalduinen M A, Anten N P R. 2005. Differences in the compensatory
growth of two co-occurring grass species in relation to water availability. Oe-
cologia, 146(2): 190-199.

Vesk P A, Leishman M R, Westoby M. 2004. Simple traits do not predict graz-
ing response in Australian dry shrublands and woodlands. Journal of Applied
Ecology, 41(1): 22-31.

Violle C, Navas M L, Vile D, et al. 2007. Let the concept of trait be functional!
Oikos, 116(5): 882-892.

Wallace L L. 1990. Comparative photosynthetic responses of big bluestem to
clipping versus grazing. Journal of Range Management, 43(1): 58-61.

Wan H W, Bai Y F, Hooper D U, et al. 2015. Selective grazing and seasonal
precipitation play key roles in shaping plant community structure of semi-arid
grasslands. Landscape Ecology, 30(9): 1767-1782.

chinarxiv.org/items/chinaxiv-201807.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-201807.00033

ChinaRxiv [$X]

Wang S P. 2000. The dietary composition of fine wool sheep and plant diversity
in Inner Mongolia steppe. Acta Ecologica Sinica, 20(6): 951-957. (in Chinese)

Wang X T, Wang W, Liang C Z. 2009. Changes in the population spatial
distribution pattern of Leymus chinensis in degraded steppe community during
restorative succession in Inner Mongolia, China. Chinese Journal of Applied
Ecology, 33(1): 63-70. (in Chinese)

Wang Z, Deng X Z, Song W, et al. 2017. What is the main cause of grassland
degradation? A case study of grassland ecosystem service in the middle-south
Inner Mongolia. Catena, 150: 100-107.

Xu D Q. 1997. Some problems in stomatal limitation analysis of photosynthesis.
Plant Physiology Commaunications, 33(4): 241-244. (in Chinese)

Yan X, Gong J R, Zhang 7Z Y, et al. 2013. Responses of photosynthetic char-
acteristics of Stipa baicalensis to grazing disturbance. Chinese Journal of Plant
Ecology, 37(6): 530-541. (in Chinese)

Ye Z P. 2007. A new model for relationship between irradiance and the rate of
photosynthesis in Oryza sativa. Photosynthetica, 45(4): 637-640.

Zangerl A R, Hamilton J G, Miller T J, et al. 2002. Impact of folivory on
photosynthesis is greater than the sum of its holes. Proceedings of the National
Academy of Sciences of the United States of America, 99(2): 1088-1091.

Zhang L R, Niu H S, Wang S P, et al. 2010. Effects of temperature increase
and grazing on stomatal density and length of four alpine Kobresia meadow
species, Qinghai-Tibetan Plateau. Acta Ecologica Sinica, 30(24): 6961-6969.
(in Chinese)

Zhao W, Chen S P, Han X G, et al. 2009. Effects of long-term grazing on
the morphological and functional traits of Leymus chinensis in the semiarid
grassland of Inner Mongolia, China. FEcological Research, 24(1): 99-108.

Zheng S X, Lan Z C, Li W H, et al. 2011. Differential responses of plant
functional trait to grazing between two contrasting dominant C5 and C, species
in a typical steppe of Inner Mongolia, China. Plant and Soil, 340(1-2): 141-
155.

Zheng S X, Li W H, Lan Z C, et al. 2015. Functional trait responses to grazing
are mediated by soil moisture and plant functional group identity. Scientific
Reports, 5: 18163.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-201807.00033 Machine Translation


https://chinarxiv.org/items/chinaxiv-201807.00033

	Grazing every month minimizes size but boosts photosynthesis in Stipa grandis in the steppe of Inner Mongolia, China postprint
	Abstract
	Full Text
	Preamble
	1 Introduction
	2.1 Study area and experimental design
	2.2 Morphological traits and biomass
	2.3 Daily dynamics of gas exchange parameters
	2.4 Light response curve and parameter fitting
	2.5 Chlorophyll fluorescence parameters
	2.6 Data analysis
	3.1 Morphological traits and biomass allocation
	3.2 Leaf physiological traits
	4.1 Responses of biomass and morphological traits to grazing
	4.2 Responses of physiological traits to grazing
	5 Conclusions
	References


