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Abstract: It is unclear how N addition and mowing interactively affect grassland community structure and
function. We studied the short-term effects of N addition and mowing on the species diversity and biomass of
a typical grassland in Inner Mongolia using a split-plot design, with the whole plot representing the mowing
treatment and the subplot representing the N addition rate. Three stubble heights were set at 10 cm (M2),
6 cm (M3) and 3 cm (M4), and a no-mowing treatment (M1) was also included. N addition consisted of five
rates, i.e., 0 (N1), 2 (N2), 5 (N3), 10 (N4) and 20 (N5) g N m2.yr−1. Mowing significantly increased species
diversity. Mowing with a stubble height of 10 cm (M2) significantly increased both species biomass
and community biomass. Heavy mowing (3 cm stubble height, M4) weakened the difference in
C. squarrosa biomass caused by N addition. Species richness decreased, while community biomass and
Leymus chinensis biomass increased significantly with increasing N addition rate. Mowing alleviated
the negative effects of N addition on species richness, and this effect was influenced by stubble height.
Community biomass and L. chinensis biomass tended to be stable when N addition was greater than
10 g N m2.yr−1. The N saturation threshold of C. squarrosa biomass was much lower than that of
community biomass and L. chinensis biomass. Species richness was negatively correlated with the
Gini coefficient and litter production, which indicated that light competition and litter accumulation
were important factors affecting the decrease in species richness in our study.

Keywords: nitrogen addition; mowing; species diversity; biomass; Inner Mongolia

1. Introduction

Since the industrial revolution, human activities such as fossil fuel combustion and
agricultural production have led to a substantial increase in reactive nitrogen (N) entering
the terrestrial ecosystem [1,2]. It is estimated that the amount of N deposition caused by
human activities has increased from 31.6 Tg per year in 1860 to 103 Tg per year in the 1990s
and is expected to increase to 195 Tg per year by 2050 [3]. Many studies have indicated
that the enhancement of N deposition could profoundly impact the structure, function
and processes of ecosystems [4,5]. The response of ecosystems to N deposition has always
been a popular research topic in the field of global change. Under the background of the
continuous increase in global N deposition, exploring the effects of N addition on plant
community structure and function will be beneficial for better understanding ecosystem
responses to global change.

As one of the most widely distributed vegetation types worldwide, grassland accounts
for approximately 20% of the global land surface [6] and plays an important role in sup-
porting livestock production and providing ecosystem services such as sand fixation, soil
and water conservation and biodiversity conservation [7,8]. N is a key factor limiting the
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productivity of grassland ecosystems [4]. N enrichment can directly increase the availability
of soil N and subsequently alleviate N limitation to plant growth [9,10], thereby changing
plant community structure and function [11,12]. The response of soil N availability and
the community light environment to nitrogen enrichment is a gradually changing process,
resulting in phase-dependent community changes with the continuous input of reactive
N [13]. Therefore, exploring the short-term effects of N addition on grassland community
biomass and diversity is critical for comprehensively evaluating the effects of N enrichment
on grassland ecosystems. Most studies have indicated that N enrichment results in a decline
in species diversity [14–16]; however, some studies have also shown that N enrichment
leads to positive or no change in diversity [17–19]. The changes in community biomass
and species diversity and their underlying mechanisms vary depending on the grassland
type, experiment duration and N deposition rate [14,16,20]. Given these uncertainties,
it is necessary to verify the response of grassland community biomass and diversity to
N addition.

Mowing for hay and silage is both a widely used human disturbance and a pasture
management activity in grassland ecosystems across the world [21,22]. Mowing can change
community structure and function by removing aboveground biomass, altering structural
heterogeneity and decreasing litter accumulation [23,24]. Moderate mowing can improve
species diversity and biomass, while heavy mowing can decrease productivity and thus
threaten ecosystem stability [25,26]. Stubble height is a key factor affecting mowing effects
on community structure and function [22]. A study carried out in a semiarid steppe showed
that plant biomass production increased under light mowing (stubble height > 12 cm) but
decreased under heavy mowing (stubble height < 6 cm) [22]. Suitable stubble height may
increase light availability [25], thereby increasing species diversity by promoting the growth
of subdominant species and forbs [26]. For example, one previous study indicated that
an 8 cm stubble height significantly increased the Shannon diversity index of a typical
grassland in Inner Mongolia. Another study, however, reported that there was no significant
difference in Shannon index and evenness index among stubble heights [22]. In general,
the effects of stubble height on community structure and function are still unclear.

The N addition can promote light interception by upper-layer tall grasses and thereby
decrease the light availability for lower-layer plants; however, mowing can initially enhance
the light availability of subdominant species [26,27]. N addition causes an increase in litter
accumulation, while mowing can remove litter [26,28], which produces the opposite effects
on seed germination and seedling regeneration. The decrease in N accumulation caused by
the mowing-induced removal of aboveground biomass would weaken the soil N availability
enhanced by N enrichment [29–31]. However, it is unclear how N addition and mowing
interactively affect grassland community structure and function. The uncertainty related to
the mechanisms of how the plant community responds to N addition and mowing requires
further investigation to fill our knowledge gap.

The typical grasslands in Inner Mongolia account for approximately 10.5% of the
total grassland area in China and are an important livestock production base and green
ecological barrier in northern China [32,33]. Continuous input of reactive N will inevitably
change the plant community structure and function of this typical grassland [34]. Apart
from N enrichment, mowing is a widely used practice in this temperate grassland [22].
Therefore, the objective of this study was to determine the independent and joint effects of
N addition and mowing on the plant biomass and species diversity of a typical grassland
in Inner Mongolia.

2. Materials and Methods
2.1. Study Site

Our study was conducted in a typical steppe region located in the Grassland Ecol-
ogy Research Station of Inner Mongolia University (44◦09′~44◦18′ N, 116◦12′~116◦30′ E,
1160 m a.s.l). The climate is temperate and semiarid with a dry spring and wet summer.
The long-term (1971–2010) mean annual temperature was 2.8 ◦C, with the lowest monthly
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mean temperature in January (−19.03 ◦C) and highest in July (21.38 ◦C). The annual mean
precipitation is 272 mm, 87% of which falls in the plant growing season from May to
September. The soil is a sandy loam light chestnut soil according to the Chinese soil taxon-
omy classification, which is equivalent to Calcic-orthic Aridisol in the United States Soil
Taxonomy classification system [22]. Mean soil pH of the top 10 cm is 8.4. Soil organic
carbon, total N and total phosphorus concentrations for the top 10 cm are 12.8, 1.7 and
0.3 g kg−1, respectively. The vegetation is dominated by native rhizomatous perennial C3
grass, i.e., Leymus chinensis and native perennial C4 bunchgrass, i.e., Cleistogenes squarrosa,
which together account for more than 80% of the total aboveground biomass. The experi-
mental grassland with fairly uniform vegetation appeared topographically and floristically
similar. According to background investigation, the species richness, Shannon-Wiener
index and evenness index ranged from 6 to 10 averaging 8, 0.32 to 0.63 averaging 0.47 and
0.15 to 0.34 averaging 0.23, respectively.

2.2. Experimental Design and Sampling

The experiment was established in 2018 using a split-plot design, with the whole plot
being the mowing treatment and the subplot being N addition. The mowing treatment
included a no-mowing control (M1) and mowing at stubble heights of 10 cm (M2), 6 cm
(M3) and 3 cm (M4). Mowing treatments were implemented once a year at the time of peak
plant biomass (mid-August). N addition consisted of five rates, i.e., 0 (N1), 2 (N2), 5 (N3),
10 (N4) and 20 (N5) g N m2.yr−1. There were 20 experimental treatments in total, with
5 replicate blocks for each treatment, resulting in 100 treatment plots in total. Each plot
was 5 m × 5 m in area, separated by 1 m rows. Starting in 2018, CO(NH2)2 was applied to
the soil surface in each N3-N5 plot twice a year with 50% of N applied at each time. The
first nitrogen application time was the early growing season (8–10 May), and the second
application time was the middle of the growing season (3–5 July). For the N2 plot, the level
of 2 g N m2.yr−1 was too low to split and applied once a year at the first application time.

In 2020, just before annual mowing at the time of peak biomass (middle–late August),
one 1 m × 1 m quadrat was randomly placed within 5 m × 5 m each plot for vegetation
measurement. The quadrat was placed at least 50 cm inside the border of each plot to avoid
edge effects. Individuals of all vascular plant species were identified in quadrats, and the
height and density of each species were measured. All vascular plants in the quadrat were
clipped and sorted by species. Litter was collected from each quadrat after clipping. The
plant samples were oven-dried at 65 ◦C for 48 h to a constant weight and then weighed.

2.3. Data Analysis and Statistics

For each plot, we determined the vascular plant species richness (S), Shannon-Wiener
index (H′) and evenness index (J′) as H′ = −∑ pi× ln pi and J′ = H′/ln S, where pi is the
proportion of the total abundance of the ith species. Community density was abundance
of vascular plants per unit area. Community biomass was calculated by adding the dry
weights of all vascular plants. The asymmetry of plant height can reflect species competition
ability for light resources. The Gini coefficient (G) was calculated based on the plant height
of each species to quantify the intensity of interspecific competition in the community [35].
The Gini coefficient was calculated as follows:

G =
∑n

i=1 ∑n
j=1|Xi− Xj|
2nX

where Xi and Xj represent the plant height of the ith species and jth species, respectively.
X is the mean height of all species and n is the number of species for each plot.

Statistical analyses were conducted using the GLM procedure. Treatment effects on
community density, species diversity, biomass, litter production and the Gini coefficient
were analyzed by univariate ANOVA with mowing and nitrogen addition as the fixed
factors and with block as random factor. If the interaction term was nonsignificant, then
it was removed from the statistical model, and the main factor effects were reanalyzed
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using one-way ANOVAs. Data were tested for normality using the Kolmogorov–Smirnov
test and for equality of error variance using Levene’s test. Duncan’s test was used for
multiple comparisons in all cases of significant treatment effects. Regression models with
N as a continuous variable were used to determine the general relationship between N
addition and the response variable, i.e., response variable = Intercept + Slope × Ln (N). The
relationships between species richness and litter production and the Gini coefficient were
analyzed using linear regression. In all analyses, a difference was considered significant
at p < 0.05. All analyses were conducted using version 20.0 of SPSS software (SPSS Inc.,
Chicago, IL, USA).

3. Results
3.1. Plant Diversity

Mowing treatment had significant impacts on the plant diversity of a typical steppe
in Inner Mongolia (p < 0.05) (Table 1, Figure 1A–C). There was no significant differ-
ence in the species richness between mowing at 10 cm (M2) and 3 cm (M4) treatments
(p > 0.05), but they were significantly lower compared with mowing at 3 cm (M3) treatment
(p < 0.05). In no-mowing control (M1) and mowing at 10 cm (M2) treatments, the species
richness with the rate of 20 g N m2.yr−1 (N5) was significantly lower than that with the
rates of 0 (N1) and 2 g N m2.yr−1 (N2). Mowing at a stubble height of 10 cm (M2) increased
plant diversity as measured by the Shannon-Wiener index more than mowing at a stubble
height of 3 cm (M4) (p < 0.05), and there was no significant difference in Shannon-Wiener
diversity between these treatments and mowing at 6 cm stubble height (M3) (p > 0.05). In
no-mowing treatment (M1), the Shannon-Wiener diversity with the rate of 20 g N m2.yr−1

was significantly lower than that with no N addition (N1). No significant difference in
Pielou evenness existed between mowing with 3–10 cm stubble height (M2-M4) (p > 0.05),
but they were significantly higher than that in no-mowing control treatment (M1) (p < 0.05).
In all mowing treatments, N addition did not significantly alter the species evenness.

Table 1. ANOVA of the mowing effects, N addition and their interactions on community resp-
onse variables.

Source of Variance
Whole Plot Sub Plot

B M N M * N
df (4, 12) df (3, 12) df (4, 64) df (12, 64)

F-Test p F-Test p F-Test p F-Test p

Species richness 1.03 0.43 4.41 0.03 10.63 0.00 0.52 0.89
Shannon–Wiener index 0.07 0.99 11.68 <0.001 1.45 0.23 0.80 0.65
Pielou evenness index 0.17 0.95 4.85 0.02 0.50 0.73 0.69 0.75
Community biomass 0.21 0.93 6.21 0.01 26.24 0.00 2.29 0.02

Litter production 0.51 0.74 145.12 <0.001 66.00 <0.001 3.92 <0.001
L. chinensis biomass 0.97 0.46 6.20 0.01 16.14 0.00 1.04 0.43
C. squarrosa biomass 0.40 0.81 7.96 0.00 8.78 0.00 2.98 0.00

Gini coefficient 1.60 0.32 5.52 0.01 4.56 0.01 0.40 0.96
Community density 10.39 0.02 8.69 0.00 14.27 0.00 0.61 0.82

Note: B, block; M, mowing; N, nitrogen addition; * interaction; df, degree of freedom.

The species richness with the level of 20 g N m2.yr−1 (N5) was significantly lower than
that with no N addition (N1) (p < 0.05), and there was no significant difference in species
richness among the rates of 2-10 N g N m2.yr−1 (N2-N4) (p > 0.05) (Figure 1D). Species
richness showed a significant decreasing trend with increasing N addition rate (p < 0.001).
N addition did not significantly affect Shannon-Wiener diversity (Table 1, Figure 1E) or
Pielou evenness (Table 1, Figure 1F) (p > 0.05).
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they were both significantly higher than those with the no N addition (N1) treatment (p < 

Figure 1. Effects of mowing and N addition on plant diversity. The values are mean ± SE. For
(A–C), different lowercase letters under the line denote significant differences among the N addition
treatments with p < 0.05; different capital letters above the line denote significant differences among
mowing treatments with p < 0.05. For (D–F), different lowercase letters denote significant differences
among the treatments with p < 0.05; regression parameters were estimated for species richness and
Shannon-Wiener index using log-linear model with N treatment as a continuous predictor, i.e., species
richness or Shannon-Wiener index = Intercept + Slope × Ln (N); significant differences are reported
as NS, p > 0.05; ** p < 0.01. M1, no-mowing control; M2, M3 and M4 are mowing at stubble heights of
10 cm, 6 cm and 3 cm, respectively; N1, N2, N3, N4 and N5 are N addition rate with 0, 2, 5, 10 and
20 g N m2.yr−1, respectively.

3.2. Biomass

The biomass of community, L. chinensis and C. squarrosa was significantly affected by
the N addition rate and mowing (p < 0.05) (Table 1, Figure 2A–C). The mowing and N
addition rates interactively affected the community biomass and biomass of C. squarrosa.
The biomass of community, L. chinensis and C. squarrosa in mowing at 10 cm (M2) treat-
ment were the highest and were significantly higher than those in no-mowing (M1) and
mowing at 3 cm (M4) treatments (p < 0.05) (Figure 2A–C). In all mowing treatments, no
significant differences in community biomass and L. chinensis biomass between the rates of
10 g N m2.yr−1 (N4) and 20 g N m2.yr−1 (N5) treatments were observed (p > 0.05), and
they were both significantly higher than those with the no N addition (N1) treatment
(p < 0.05) (Figure 2A,B). In the no-mowing (M1) and mowing at 6–10 cm (M2 and M3)
treatments, there was no significant difference in C. squarrosa biomass between the rates of
10 g N m2.yr−1 (N4) and 20 g N m2.yr−1 (N5) (p > 0.05), and they were both lower than
that with the rate of 2 g N m2.yr−1 (N2) (p < 0.05) (Figure 2C). No significant difference in
C. squarrosa biomass was found in any of the nitrogen addition rates in mowing at 3 cm
(M4) treatment (p > 0.05) (Figure 2C).
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Figure 2. Effects of mowing and nitrogen addition on biomass and the relationship between com-
munity biomass and species biomass. The values are mean ± SE. For (A–C), different lowercase
letters under the line denote significant differences among the N addition treatments with p < 0.05;
different capital letters above the line denote significant differences among the mowing treatments
with p < 0.05. For (D), different lowercase letters under the line denote significant differences among
the treatments with p < 0.05; regression parameters were estimated for biomass using a log-linear
model with N treatment as a continuous predictor, i.e., biomass = Intercept + Slope × Ln (N); sig-
nificant differences are reported as NS, p > 0.05; ** p < 0.01. L.C: Leymus chinensis, C.S: Cleistogenes
squarrosa. M1, no-mowing control; M2, M3 and M4 are mowing at stubble heights of 10 cm, 6 cm and
3 cm, respectively; N1, N2, N3, N4 and N5 are N addition rate with 0, 2, 5, 10 and 20 g N m2.yr−1,
respectively. (E) indicates the relationship between community biomass and species biomass.

The community biomass with rate 5 g N m2.yr−1 (N3) was significantly lower than
that with the rates of 10 g N m2.yr−1 (N4) and 20 g N m2.yr−1 (N5), but significantly
higher than that with no N addition (N1) (p < 0.05) (Figure 2D). The response of L. chinensis
biomass to the N addition rate was consistent with that of community biomass
(Figure 2D). The plot with the rate of 2 g N m2.yr−1 (N2) had the highest C. squarrosa
biomass, which was significantly higher than that in the plot with the rate of 20 g N m2.yr−1

(N5) (p < 0.05) (Figure 2D). Both community biomass and L. chinensis biomass showed a
significant increasing trend with increasing N addition rate (p < 0.05) (Figure 2D). Although
C. squarrosa biomass presented a decreasing trend with increasing N addition rate, this trend
was not statistically significant (p > 0.05). The results of the linear regressions showed that
the community biomass was significantly positively correlated with L. chinensis biomass
(p < 0.05) (Figure 2E).

3.3. Gini Coefficient

The effect of mowing on the Gini coefficient was highly significant (p < 0.05) (Table 1).
In no-mowing (M1) and mowing at 3 cm (M4) treatments, the Gini coefficient with a
rate of 20 g N m2.yr−1 (N5) was significantly higher than that with no N addition (N1)
(p < 0.05), and no significant differences existed among the rates of 2-10 N g N m2.yr−1

(N2-N4) (p > 0.05) (Figure 3A). N addition did not significantly change the Gini coefficient
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when mowing at 10 cm (M2) and 6 cm (M3) (p > 0.05) (Figure 3A). The Gini coefficient in
mowing at 6 cm (M3) treatment was significantly lower than that in the no-mowing (M1)
treatment (p < 0.05) and was not significantly different from those in the mowing at 10 cm
(M2) and 3 cm (M4) treatments (p > 0.05) (Figure 3A). The main effect of the N addition rate
had a significant impact on the Gini coefficient (p < 0.05) (Table 1, Figure 3B). No significant
differences in the Gini coefficient were detected among the rate of 0–5 g N m2.yr−1 (N1-N3)
(p > 0.05) (Figure 3B), and they were all significantly lower than that with the rate of
20 g N m2.yr−1 (N5) (p < 0.05). The Gini coefficient showed a significant increasing trend
with the increasing rate of N addition (R2 = 0.14, p < 0.01) (Figure 3B).
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Figure 3. Effects of mowing and N addition on the Gini coefficient. The values are mean ± SE. For
(A), different lowercase letters under the line denote significant differences among nitrogen addition
treatments with p < 0.05; different capital letters above the line denote significant differences among
mowing treatments with p < 0.05. For (B), different lowercase letters under the line denote significant
differences among treatments with p < 0.05; regression parameters were estimated for Gini coefficient
using log-linear model with N treatment as a continuous predictor, i.e., Gini coefficient = Intercept +
Slope × Ln (N); significant differences are reported as ** p < 0.01. M1, no-mowing control; M2, M3
and M4 are mowing at stubble heights of 10 cm, 6 cm and 3 cm, respectively; N1, N2, N3, N4 and N5
are N addition rate with 0, 2, 5, 10 and 20 g N m2.yr−1, respectively.

3.4. Community Density and Litter

The main effects of mowing and N addition rate had significant effects on commu-
nity density and litter, and their interactions had a significant effect on litter (Table 1,
Figure 4). No significant difference in community density was found between the no-
mowing (M1) and mowing at 10 cm (M2) treatments (p > 0.05), which were significantly
different from that in the mowing at 3 cm (M4) treatment (p < 0.05) (Figure 4A). There was no
significant difference in the community density among the different N addition rates in no-
mowing (M1) treatment (p > 0.05) (Figure 4A), while the community density with a rate of
20 g N m2.yr−1 (N5) was significantly higher than that with the rates of 0 (N1) and
2 g N m2.yr−1 (N2) in the other mowing treatments (p < 0.05) (Figure 4A). The com-
munity densities with the rates of 10 g N m2.yr−1 (N4) and 20 g N m2.yr−1 (N5) were
significantly higher than that in the other N addition rates (p < 0.05) (Figure 4C). No signifi-
cant differences in community density were observed between the rates of 2–5 g N m2.yr−1

(N2-N3) or between the rates of 5–10 g N m2.yr−1 (N3-N4) (p > 0.05) (Figure 4C).
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Figure 4. Effects of mowing and N addition on community density and litter. The values are mean
± SE. For (A,B), different lowercase letters under the line denote significant differences among N
addition treatments with p < 0.05; different capital letters above the line denote significant differences
among mowing treatments with p < 0.05. For (C,D), different lowercase letters under the line denote
significant differences among treatments with p < 0.05; regression parameters were estimated for
community density and litter using log-linear model with N treatment as a continuous predictor,
i.e., community density or litter = Intercept + Slope × Ln (N); significant differences are reported as
** p < 0.01. M1, no-mowing control; M2, M3 and M4 are mowing at stubble heights of 10 cm,
6 cm and 3 cm, respectively; N1, N2, N3, N4 and N5 are N addition rate with 0, 2, 5, 10 and
20 g N m2.yr−1, respectively.

No significant difference in litter production existed between the mowing at 10 cm
(M2) and 6 cm (M3) treatments (p > 0.05), and they were significantly lower than that in the
no-mowing (M1) treatment and significantly higher than the litter production in mowing
at 3 cm (M4) treatment (p < 0.05) (Figure 4B). In the mowing at 10 cm (M2) and 6 cm (M3)
treatments, no significant differences in litter production existed between the rates of
10 (N4) and 20 g N m2.yr−1 (N5) (p < 0.05). The litter production with the rate of
10 g N m2.yr−1 (N4) and 20 g N m2.yr−1 (N5) was not significantly different (p > 0.05), but
was significantly higher than that with the rates of 0 (N1) and 2 g N m2.yr−1 (N2) (p < 0.05)
(Figure 4D). In the regression analyses, the N addition rate had a significant positive linear
relationship with community density (R2 = 0.28, p < 0.01) and litter (R2 = 0.30, p < 0.01).

3.5. Relationship between Species Richness and the Gini Coefficient and Litter

The Gini coefficient was significantly negatively correlated with species richness
(R2 = 0.76, p < 0.001, Figure 5A). Our results also showed that species richness was signifi-
cantly negatively correlated with litter (R2 = 0.63, p < 0.001, Figure 5B).
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4. Discussion

The effects of exogenous nitrogen input on plant species diversity have always been
a popular topic in the field of global change. Most studies have shown that nitrogen
enrichment will lead to a decline in species diversity [12,36–38]; however, some studies
have shown that N enrichment has positive or neutral effects on species diversity [17–19].
As N addition increases, species richness decreases significantly, which is consistent with
existing research results [36,38]. Various mechanisms have been proposed to explain the de-
crease in species richness caused by nitrogen enrichment, such as light competition [27,39],
regeneration constraints and soil acidification [38,40–42]. Some studies have confirmed
that nitrogen addition can shift plant competition from underground nutrient resources
to aboveground light resources [43]. There was a significant positive correlation between
the N addition rate and Gini coefficient (p < 0.05) (Figure 3B), indicating that the compe-
tition for light resources among species intensified with increasing N addition rate. The
intensification of aboveground light resource competition in this study occurred for the
following reasons. First, as the dominant species in our experimental grassland, L. chinensis
is an upper-layer tall grass and has an efficient N utilization strategy [44]. Therefore, the
increase in soil N availability caused by N addition promoted its rapid growth. With an
increasing N addition rate, the interception of light resources by L. chinensis was enhanced,
which gradually reduced the light availability of middle- and lower-layer plants [26,27].
Second, the significant increase in litter caused by N addition reduced the light availability
of lower-layer vegetation in the community through the shading effect (Figure 4D). Third,
N addition significantly increased the community density (Figure 4C), which reduced the
light transmittance of the community. The light efficiency for the lower-layer dwarf or
shade-intolerant species gradually decreased with increasing N rate, and finally, they were
excluded from the community. Therefore, our results highlight that light competition was
an important reason for the significant decrease in species richness due to the increase in the
N addition rate in this study [25–27]. Species richness had a significant negative correlation
with litter production (Figure 5B), which indicates that the increase in litter production
was an important factor that caused a significant decrease in species richness [26,28]. The
increase in litter production can inhibit seed germination and seedling colonization, which
may also have been an important factor in the negative effect of N addition on species
richness in this study. Numerous studies have shown that N enrichment will significantly
reduce the Shannon-Wiener diversity index [12,36] and species evenness [45,46], which is
different from our results. The short experimental duration may have been the reason why
the Shannon-Wiener diversity index and species evenness among the N addition rates were
not significant.

The enhanced species richness that occurred with mowing is in line with the results of
studies conducted in threatened temperate grasslands [47]. The increase of species richness
with mowing may be ascribed to mowing’s positive effects on subdominant species and
germination rates via increased light availability [25,26]. In this study, mowing reduced
the Gini coefficient (Figure 3A), indicating that mowing decreased the intensity of light
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competition among species in the community, which was beneficial for promoting the
survival of light-demanding seedlings and low-growth species and led to an increase in
species richness. In this study, mowing increased the species richness, Shannon-Wiener
diversity index and evenness index (Figure 1A–C), demonstrating that short-term mowing
was beneficial for maintaining the species diversity of the community. Research has
confirmed that litter accumulation will have a negative impact on species diversity because
it will inhibit seedling establishment of some target species and reduce the survival rate
of seedlings [26,28]. Mowing significantly reduced litter production (Figure 4B), which
contributed to improving forb richness, thus leading to a significant increase in community
species richness. Mowing weakens the inhibition of upper-layer tall plants on middle-
and lower-layer plants [25], which causes mowing treatment to significantly improve
species evenness.

Species richness was significantly different among the N addition rates in no-mowing
(M1) and mowing at 10 cm (M2) treatments; however, there was no significant difference
among the N addition rates in mowing at 6 cm (M3) and 3 cm (M4) treatments (Figure 1A).
Significant differences in the Shannon-Wiener diversity indices among N addition rates
only existed in no-mowing (M1) treatment (Figure 1B). Our results demonstrated that
mowing alleviated the negative effects of N addition on species richness and Shannon-
Wiener diversity, which is consistent with the research results carried out in European
grasslands [48,49]. Therefore, mowing under the background of nitrogen deposition can
maintain the relative stability of species richness in typical grasslands. In addition, our
results further confirm that decreased mowing to reduce the negative effects of nitrogen
addition on species diversity is influenced by stubble height.

N is one of the key factors limiting the productivity of grassland ecosystems [50].
Many studies have shown that N addition can increase soil N availability, alleviate nutrient
constraints on plant growth, and promote the growth of plant aboveground parts. In
our study, the community biomass increased significantly with increasing N addition
(Figure 2D). As an N-exploitative species, L. chinensis has a flexible N absorption strategy
and can adjust its N uptake preference as nutrient availability changes [44]. With the
increase in N addition, the rhizome of L. chinensis will extend more ramets to use nutrients
more effectively and maintain its dominance in the community, resulting in a significant
increase in L. chinensis biomass. The significant positive correlation between L. chinensis
biomass and community biomass indicated that the increase in community biomass was
mainly due to the contribution of L. chinensis (Figure 2E). Our results indicated that the
community biomass and dominant species biomass increased first and then tended to be
stable with increasing N addition rate (Figure 2D). Previous studies have shown that there
may be a threshold for aboveground productivity with increasing N addition rate, beyond
which N fertilizer effects on aboveground productivity will be weakened [51]. Community
biomass and L. chinensis biomass tended to be stable when N deposition was greater than
10 g N m2.yr−1 (Figure 2D), indicating that the saturation threshold of grassland ecosystem
productivity in response to the N addition rate in this study was 10 g N m2.yr−1, which is
consistent with results from a previous nitrogen addition experiment on a typical grassland
in Inner Mongolia [14]. C. squarrosa is a perennial bunchgrass and belongs to the middle-
and lower-layer dominant species in our experimental grassland. The increase in the N
addition rate reduced the light availability of the middle and lower layers of plants [26,27],
thereby limiting the growth of C. squarrosa and resulting in its biomass not significantly
changing or even showing a downward trend with increasing N addition rate (Figure 2D).
With a conservative nutrient acquisition strategy, C. squarrosa exhibited a low plasticity of N
uptake under a changing soil nutrient environment [44], which may be another important
reason why its biomass did not change with increasing N addition rate.

Previous studies have shown that mowing may stimulate plant growth through com-
pensatory growth [52]. Mowed plants may exhibit equal, under- or overcompensatory
growth depending on stubble height [53]. In this study, compared with no mowing, with
mowing, both species biomass and community biomass at 10 cm stubble height showed
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overcompensatory growth, resulting in the species biomass and community biomass
in mowing at 10 cm (M2) treatment being higher than that in no-mowing (M1) treat-
ment (Figure 2A–C). Mowing at a 10 cm stubble height can remove the apical meristem
and senescent plant tissues of upper-layer tall plants that stimulate the growth of col-
lateral branches and formation of new tissues. At the same time, light mowing can im-
prove the light conditions of middle- and lower-layer plants [54], thus increasing their
biomass. Therefore, mowing at 10 cm (M2) treatment significantly increased the biomass of
L. chinensis and C. squarrosa compared with no-mowing (M1) treatment. Due to the increase
in the biomass of the upper-layer tall plants and the middle- and lower-layer plants, the
community biomass increased significantly (Figure 2A). When the stubble height was
3–6 cm, L. chinensis and C. squarrosa had equal compensatory growth, which may explain
why there was no significant difference between community biomass in the M1 treatment
and community biomass in the M3 and M4 treatments.

In mowing at 3 cm (M4) treatment, no significant difference existed in C. squarrosa
biomass among the N addition rates (Figure 2C), which indicated that heavy mowing (i.e.,
3 cm stubble height) could weaken the difference in C. squarrosa biomass caused by the N
addition treatment. C. squarrosa biomass in no-mowing (M1), mowing at 10 cm (M2) and
6 cm (M3) treatments reached the maximum value with level of 2 g N m2.yr−1 (N2) and
then decreased (Figure 2C), which reflected that the N saturation threshold of C. squarrosa
biomass was much lower than that of community biomass and L. chinensis biomass. When
the N addition rate was greater than 2 g N m2.yr−1, the changes in the L. chinensis biomass
and C. squarrosa biomass showed an opposite trend (Figure 2B,C). We speculate that there
are two reasons for the continuous decline in C. squarrosa from the level of 2 g N m2.yr−1

(N2) to 20 g N m2.yr−1 (N5). C. squarrosa has a conservative N acquisition strategy [44],
and the increase in the N addition rate did not promote the increase in C. squarrosa biomass.
The continuous increase in L. chinensis biomass gradually enhanced the shading effect on
C. squarrosa [26], which is another reason for this result. With the increase in the N addition
rate, the space released by the decrease in C. squarrosa biomass was occupied by L. chinensis
to enhance its community dominance under the interference of N addition.

This study concludes that light availability is a key factor affecting the response of
species richness to N addition and mowing based on the measurement results of the Gini
coefficient. In future work, community light intensity should be measured to further
elucidate the role of light limitation in reducing species richness under N addition and
mowing interference. Similarly, it is necessary to further clarify the relationship between
seed germination, seedling colonization and litter production to determine how litter
accumulation regulates the response of species richness to N addition and mowing. Our
results show that mowing and N addition both increase community biomass, and they have
a synergistic effect on changes in ecosystem productivity. However, studies on different
types of grassland ecosystems show that long-term mowing will lead to a decrease in
community biomass [29]. N addition over a long period will lead to community biomass
first increasing and then reaching saturation [14,55]. Theoretically, community biomass will
be in a relatively stable state under N addition and mowing interference. Therefore, long-
term monitoring and research are needed to determine the time threshold of community
biomass stability. Long-term N enrichment will lead to soil acidification [38,42], which can
be alleviated by mowing to remove N from the ecosystem [30,31]. Stubble height is the
key factor affecting the amount of nutrients removed [22]. A suitable stubble height that
can eliminate soil acidification and maintain ecosystem stability under future conditions
of N deposition is important to study. N addition and mowing both affect soil nitrogen
availability [56,57], and the response of plants to soil N availability is species-specific [44,58].
The existing studies show that N addition can promote the growth of nitrogen-loving plants,
thus excluding forbs that are insensitive to soil N availability. Therefore, clarifying the N
acquisition strategy and plasticity of species is the key approach for explaining the influence
of N enrichment and mowing on species richness and community biomass.
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5. Conclusions

Our results show that mowing significantly increased species diversity. Species rich-
ness decreased significantly with increasing N addition rate. Short-term N addition did
not significantly affect Shannon-Wiener diversity and Pielou evenness. Mowing at a stub-
ble height of 10 cm significantly increased the biomass of community, L. chinensis and
C. squarrosa, indicating that light mowing can improve ecosystem productivity. Community
biomass and L. chinensis biomass showed a significant increasing trend with increasing N
addition rate. Species richness was significantly negatively correlated with litter production
and the Gini coefficient, which demonstrated that light competition and litter accumulation
were important reasons for the significant decrease in species richness in this study. Our
results also demonstrated that mowing can alleviate the negative effects of N addition on
species richness, and mowing to alleviate the negative effects of N addition on species
diversity is influenced by stubble height. The response mechanism of the grassland com-
munity to the interaction between N addition and mowing and the suitable stubble height
maintaining ecosystem stability under future conditions of N deposition need further study.
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