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a b s t r a c t

Tall clonal grasses commonly display competitive advantages with nitrogen (N) enrichment. However, it
is currently unknown whether the height is derived from the vegetative or reproductive module.
Moreover, it is unclear whether the height of the vegetative or reproductive system regulates the
probability of extinction and colonization, and determines species diversity. In this study, the impacts on
clonal grasses were studied in a field experiment employing two frequencies (twice a year vs. monthly)
crossing with nine N addition rates in a temperate grassland, China. We found that the N addition
decreased species frequency and increased extinction probability, but did not change the species colo-
nization probability. A low frequency of N addition decreased species frequency and colonization
probability, but increased extinction probability. Moreover, we found that species reproductive height
was the best index to predict the extinction probability of clonal grasses in N-enriched conditions. The
low frequency of N addition may overestimate the negative effect from N deposition on clonal grass
diversity, suggesting that a higher frequency of N addition is more suitable in assessing the ecological
effects of N deposition. Overall, this study illustrates that reproductive height was associated with the
clonal species extinction probability under N-enriched environment.

Copyright © 2023 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Human activities, such as fossil fuel burning, chemical fertilizer
utilization, and animal husbandry development, have caused a
sharp increase in the global atmospheric reactive nitrogen (N)
deposition since the Industrial Revolution (Canfield et al., 2010).
Global atmospheric N deposition has been projected to continually
increase in the coming decades (Galloway and Cowling, 2021).
Nitrogen enrichment, through atmospheric deposition (Stevens
et al., 2004) or artificial applications (Clark et al., 2007; Bharath
et al., 2020; Wilfahrt et al., 2021), has increased species biomass
(Yue et al., 2020) but caused a decline in the plant species diversity
in various grasslands. There are several non-exclusive mechanisms
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for these N-induced species losses in grasslands (Tian et al., 2020):
soil eutrophication (Bobbink et al., 2010), acidification (Stevens
et al., 2004; Tian and Niu, 2015; Wei et al., 2022), ammonium
toxicity (Kleijn et al., 2008; Zhang et al., 2014b), cation imbalance
(Clark et al., 2007; Midolo et al., 2019), metal ion toxicity (Tian et al.,
2016, 2020; Bowman et al., 2018), and aboveground light restriction
(Hautier et al., 2009; DeMalach et al., 2017; Xiao et al., 2021;
Eskelinen et al., 2022).

It has been agreed that light restriction is considered the most
acceptable aboveground factor affecting the decline in species di-
versity under nutrient addition in global grasslands (Hautier et al.,
2009; Borer et al., 2014; Eskelinen et al., 2022). It is also widely
accepted that species with a short stature are more likely to be lost
under N-enrichment and N deposition owing to their weaker light
competitiveness (Suding et al., 2005; Hautier et al., 2009; DeMalach
et al., 2017;Wang et al., 2021; Eskelinen et al., 2022), comparedwith
taller clonal grasses (Dickson and Gross, 2013; Dickson et al., 2014;
Gross and Mittelbach, 2017). For perennial/clonal species, the plant
stature can be measured by either the vegetative or reproductive
module. The contribution of these vegetative and reproductive
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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modules to plant growth is different. Vegetative modules play an
important role in resource acquisition and allocation strategies,
while reproductive modules are closely related to reproduction and
viability (Segrestin et al., 2020). There is a close relationship be-
tween plant stature (average vegetative and reproductive height)
and N-induced reduction in species richness (Gough et al., 2012;
Virtanen et al., 2017). However, we know that a lower vegetative
stature does not necessarily associate with a shorter reproductive
height in a clonal species. Plant height regulates the species di-
versity by affecting the probability of species extinction and colo-
nization during N enrichment (Yang et al., 2018; Zhu et al., 2020).
Therefore, clarifying whether reproductive or vegetative height af-
fects viability in N-rich environments is necessary.

Nitrogen-induced species diversity loss can be mediated by the
frequency of N enrichment (Zhang et al., 2016; Cao et al., 2020),
which is much higher than that in artificial fertilization that adds N
once or several times in atmospheric deposition (Smith et al.,
2009). Our previous studies have shown that the species coloni-
zation was greater under a low frequency (twice a year) of N
addition (Zhang et al., 2016), resulting in a higher loss of species
diversity at the community level (Zhang et al., 2014b). Additionally,
the low N addition frequency caused a greater loss in clonal grasses
(Zhang et al., 2014b, 2016). However, it is unknown whether the
frequency of N addition affects the probability of extinction and
colonization in clonal grasses, similarly to that in the community.
Moreover, perennial grasses have clonal characteristics that are
different from the other plant species in the community in response
to N enrichment. Nitrogen addition also enhances interspecific
competition in clonal species (Gough et al., 2012), resulting in the
loss of those species with weak competitiveness (Gross and
Mittelbach, 2017). It has been reported that in comparison with
sexual reproduction, clonal propagation has its advantage under-
going unfavorite environmental conditions (Barrett, 2015;
Stephens et al., 2020; Gao et al., 2020). For example, Li et al. (2021)
found that N addition decreased sexual reproduction, but increased
clonal propagation in the perennial grass dominated temperate
grasslands, thus suggesting that more resources are allocated to
vegetative modules in clonal grasses under N enrichment. Taken
together, vegetative modules may play an important role in
determining the survival ability of clonal grasses in an N-enriched
environment. However, further studies are required.

Inner Mongolian grassland with a high plant diversity is located
on the eastern edge of the Eurasian steppe. Clonal grasses, which
are the main constructive and dominant species in grasslands, are
sensitive to N enrichment (Song et al., 2012; Zhang et al., 2016,
2019). The grassland experienced a relatively low (below 1.0 g N
m�2) annual atmospheric N deposition during the past 30 years (Yu
et al., 2019). Therefore, this is the ideal model ecosystem to evaluate
the impact of increasing N deposition on biodiversity and relative
ecological processes. This study aimed to determine whether the
frequency of N addition regulates the probability of extinction and
colonization, and tease apart the effects of vegetative and repro-
ductive plant height on this probability in determining species di-
versity of clonal grasses in Northern China. We hypothesized that:
(i) the colonization probability is lower under a low frequency of N
addition, while the extinction probability is similar between the
two frequencies of N addition and is similar to the whole com-
munity (Zhang et al., 2016), because we have previously found that
similar effects of the rate and frequency of N addition on the
richness of grass and the whole community in the same experi-
mental setup (Zhang et al., 2014b); and (ii) plant height of the
vegetative module, rather than the reproductive module, de-
termines clonal grass loss as N addition decreased sexual repro-
duction but increased clonal propagation in temperate grasslands
(Li et al., 2021).
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2. Materials and methods

2.1. Study site

The experimental grassland (43�130 N, 116�140 E), located on a
temperate steppe in Inner Mongolia, China, near the Inner
Mongolia Grassland Ecosystem Research Station, the Chinese
Academy of Sciences, was fenced in 1999 to exclude large animal
grazing. This site was relatively flat with an altitude of approxi-
mately 1255e1260 m. The long-term mean annual temperature
was 1.1 �C (1982e2019), with the mean monthly temperatures
ranging from �21.1 �C (January) to 20.0 �C (July). The long-term
mean annual precipitation was 341.3 mm with approximately
three-fourths falling during growing seasons (fromMay to August).
Clonal grasses, such as Leymus chinensis, Stipa grandis, Achnatherum
sibiricum, Agropyron cristatum, Cleistogenes squarrosa, Koeleria
cristata, and Festuca dahurica, accounted for over 90% of the
aboveground biomass in the whole community (Zhang et al., 2015).
No fertilizer was added to the experimental grassland prior to our
experiment. The total atmospheric N deposition was below 1.0 g N
m�2 yr�1 during 1980e2015 (Yu et al., 2019).

2.2. Experimental design

The field N addition experimental design used in this study was
previously reported in detail by Zhang et al. (2019). Briefly, the
randomized complete block design field experiment started in
2008 and included two frequencies (twice yr�1 versus monthly)
crossing with nine rates (0, 1, 2, 3, 5, 10, 15, 20, and 50 g Nm�2 yr�1)
of N addition. Nitrogen (NH4NO3; >99%) addition started on
September 1st, 2008, and thereafter, continued on the first day of
each month for the high frequency treatment (12N additions yr�1).
The low frequency N treatment started on November 1st, 2008, and
thereafter, continued on the first day of June and November each
year (2N additions yr�1). NH4NO3 was mixed with clean sand
(0.5 kg yr�1) from November to next April (during daily average air
temperature <0 �C) and in purified water (less than 1 mm yr�1)
from May to October (during daily average air temperature �5 �C).
Therefore, the amount of N added following the monthly addition
on August 1st (plant community peak biomass period; Zhang et al.,
2018) was the same between the two frequencies (Zhang et al.,
2014b). Hence, the experiments with N addition all added both
purified water and clean sand. Moreover, not know, we set a control
treatment (neither N nor water addition) to detect whether these
added purified water and clean sand may affect the grassland
ecosystem. Therefore, this experiment had 19 treatments including
the control, with each containing 10 blocks (replicates), and an area
of 8m� 8m for each plot. Therewas an interval of 1m between the
plots and 2 m between the blocks.

2.3. Field plant aboveground biomass and species richness

Species richness (the number of plant species) and plant
aboveground net primary productivity (ANPP) were measured
following Zhang et al. (2015). Briefly, the number of plant species
and plant aboveground biomass was sampled each year from 2008
to 2013 between August 10e15th using one 0.5 m � 2 m quadrat
per plot without spatial overlaps. After investigating species rich-
ness in per quadrat, plant aboveground biomass was harvested by
cutting the green vegetation on the soil surface and separated by
species. The green vascular parts of each species were oven-dried at
65 �C for 48 h to a constant weight, and these dry mass can be
represented as plant ANPP, because all aboveground plants have
died during the winter season (Zhang et al., 2018). Here, only
species richness and ANPP of clonal grasses were used.
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2.4. Soil sampling and measurement

Following Zhang et al. (2016), concurrent with the period of
above-ground plant sampling in 2012 and 2013, three soil cores
(0e10 cm depth and 3 cm in diameter) were collected from each
plot. In order to investigate the potential influence of soil acidifi-
cation and ammonium (NH4

þeN; mg kg�1) accumulation on the
species diversity, soil pH and soil NH4

þeN concentration were
measured. The soil samples from each plot were thoroughly mixed
and sieved through a 2-mm mesh to obtain one composite sample
for laboratory analysis of soil ammonium and soil water content (%).
Subsamples were air-dried for analysis of soil pH. For soil NH4

þeN
measurements, 10 g fresh soil subsamples were extracted with
50 mL 2.0 M KCl solution and then analyzed using a flow injection
autoanalyzer (FLAstar 5000 Analyzer; Foss Tecator, Hillerod,
Denmark). The soil pH was measured in water suspension (soil:
water ¼ 1:2.5) by a pH meter (FE20eFiveEasy).

2.5. Plant trait measurements

All clonal grasses (Table 1) in this field experiment (Zhang et al.,
2019) were selected to measure the plant traits. Five clumps were
dug out for each species from the natural grassland near the
experimental area in mid-August, 2020, during the peak above-
ground biomass period in this area. Eight traits potentially affecting
the species response to N enrichment were quantified (Yang et al.,
2018; Zhu et al., 2020). These were plant heights, stem diameter
and biomass, leaf biomass and number, and root depth, diameter,
and biomass (Table S3). For example, plant height includes vege-
tative height (the length from soil surface to the vegetative stem
top), reproductive height (the length from soil surface to the flower
spike top) and average height (the average value of reproductive
height and vegetative height).

2.6. Statistical analysis

Principal component analysis (PCA) for the species was carried
out under three modules based on the plant traits: reproductive
module, vegetative module, and their average value. The results for
the PCA employing a FactoMineR package (Lê et al., 2008) were
different (Fig. S1) when using the reproductive module traits
(80.1%), vegetative module traits (75.3%), or average value of the
plant traits (78.2%). This information provided basic confidence in
distinguishing the contribution from the reproductive and vege-
tative plant height to changes in clonal grass richness under N
enrichment.

Following the methods from Yang et al. (2018) and Zhu et al.
(2020), the probability of species extinction and colonization, as
well as species diversity (frequency) determination was calculated
during 2008e2013. If a species presented in the ith survey of the
same plot but disappeared in the ith þ 1 survey, it was recognized
as extinct, and the proportion of 10 plots under a certain treatment
was the extinction probability of the species (Yang et al., 2018).
Table 1
Grasses appeared in the experimental grassland. The relative aboveground biomass in co

Scientific name Family Ge

Stipa grandis P. Smirn. Gramineae Sti
Leymus chinensis (Trin.) Tzvel. Gramineae Le
Achnatherum sibiricum (L.) Keng Gramineae Ac
Agropyon cristatum Roshev. Gramineae Ag
Cleistogenes squarrosa (Trin.) Keng. Gramineae Cle
Koeleria cristata (L.) Pers. Gramineae Ko
Festuca dahurica (St.-Yves) V. Krecz. et Bobr. Gramineae Fe
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Similarly, if a species was absent in the ith survey of the same plot
but appeared in the ith þ 1 survey, it was recognized as colonized,
and the proportion of 10 plots under a certain treatment was the
colonization probability of the species. The probability of species
colonization and extinctionwas calculated annually with a 5-year N
addition. Following Zhang et al. (2016), species frequency was
calculated as the species appearance proportion of 10 plots under a
certain treatment.

Repeated-measure covariance analysis was then employed for
testing the effects of the rate and frequency of N addition, species,
year, and their interactions, using the block as a random factor, on
the following: (i) three-way covariance analysis used for species
frequency following 5 years of N addition (2013), with the pre-
treatment (2008) species frequency as the covariate; (ii)
repeated-measure variance analysis (ANOVA) used for the annual
probability of species extinction and colonization; and (iii) three-
way ANOVA used for the probability of extinction and coloniza-
tion during 2008e2013.

The generalized linear model was used to test the effects of the
reproductive plant height, vegetative plant height, average plant
height, and ANPP of the species in the control on the probability of
species extinction and colonization, with the effectiveness of the
model evaluated using the Akaike information criterion (AIC).

Multiple stepwise regression analysis was also used to test the
effects of plant height (vegetative, reproductive and average
height) and ANPP of the species in the control on the probability of
species extinction and colonization. Before conducting themultiple
stepwise regression analysis, collinearity predictor (average height)
was removed (Variance Inflation Factors; VIF >10) (O'brien, 2007).

Soil NH4
þeN was log10-transformed to meet the assumptions of

normality and homogeneity. Pearson correlation was employed to
assess whether soil acidification, ammonium accumulation
affected the species diversity. Analysis of covariance, with soil pH,
NH4

þeN as covariates, was used to distinguish the slopes between
the two N addition frequencies on the species frequency, extinction
probability and colonization probability. We found no significant
differences of two slopes were detected in our measured variables
between the two frequencies of N addition. Thus, the correlation
was given with combined data. Data analysis and mapping were
carried out in the R 4.2.2 software (R Core Team, 2020).

3. Results

3.1. Effects of N addition rates on species frequency and probability
of species extinction and colonization

Nitrogen addition affected both the ANPP and relative ANPP in
these clonal grasses community during 2009e2013 (Fig. S2). For
yearly species frequency, it decreased with the increasing N addi-
tion rates (Table S1; Figs. S3a and d; F1,1242 ¼ 50.6, P < 0.0001), and
the negative effect of N addition was more evident with this in-
crease in its duration (Table S1; Fig. S3a). Nitrogen addition
significantly increased the species annual extinction probability
mmunity was used the data in m�2 in control treatment across 2009e2013.

nus Relative aboveground biomass
in community (%)

Clonal/Non

pa 35.60 Clonal
ymus 25.22 Clonal
hnatherum 16.49 Clonal
ropyon 11.64 Clonal
istogenes 3.01 Clonal
eleria 1.29 Clonal
stuca 0.12 Clonal
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(Table S1; Fig. S3e; F1,1242 ¼ 12.9, P ¼ 0.0004), but did not alter their
annual colonization probability (Table S1; Fig. S3f; F1,1242 ¼ 3.6,
P ¼ 0.0565).

Similarly, N addition significantly decreased species frequency
over years of 2008e2013 (Table 2; Fig. 1a; F1,1222 ¼ 84.7, P < 0.0001)
and increased species extinction probability (Table 2; Fig. 1b;
F1,1223 ¼ 64.6, P < 0.0001), but did not change the species coloni-
zation probability (Table 2; Fig. 1c; F1,1223 ¼ 2.5, P ¼ 0.1131).

3.2. Effects of N addition frequency on species frequency and
probability of species extinction and colonization

The frequency in N addition did not change the annual species
frequency (Table S1; F1,1242 ¼ 0.4, P ¼ 0.5202) or annual probability
of species extinction (Table S1; F1,1242 ¼ 1.1, P ¼ 0.3034) and colo-
nization (Table S1; F1,1242 ¼ 3.1, P ¼ 0.0785). The frequency of N
addition and the year interacted with the annual species frequency
(Table S1; F5,6255 ¼ 4.0, P ¼ 0.0012).

Compared to the control, species frequency was reduced by
11.67% and 3.13% at the low and high frequency of N addition,
respectively (Table 2; Fig. 2a; F1,1222 ¼ 13.4, P ¼ 0.0003). Regardless
of the frequency of N addition, N addition increased extinction
probability but decreased colonization probability. Extinction
probability (93.06% vs 41.67%) was significantly higher (Table 2;
Fig. 2b; F1,1223 ¼ 9.4, P ¼ 0.0022) and colonization probability
Table 2
Results of three-way analysis of variance (ANOVA) of the rate and the frequency of N
addition, species and their interactions on species frequency and the probability of
extinction and colonization of clonal grass, using the initial value (pre-treatment) in
2008 (V0) as the covariate. F- and P-value were given.

Species
frequency

Extinction
probability

Colonization
probability

F P F P F P

V0 446.1 <0.0001 e e e e

Block 1.0 0.4446 0.8 0.6443 1.1 0.3938
Rate of N

addition (N)
84.7 <0.0001 64.6 <0.0001 2.5 0.1131

Frequency of
N addition (F)

13.4 0.0003 9.4 0.0022 4.6 0.0326

Species (S) 96.9 <0.0001 51.8 <0.0001 14.7 <0.0001
N � F 0.2 0.6901 1.2 0.2774 1.5 0.2209
N � S 12.6 <0.0001 0.6 <0.0001 1.3 0.2498
F � S 0.8 0.6090 0.7 0.6491 1.1 0.3509
N � F � S 1.2 0.3013 0.6 0.7389 0.7 0.6179

Note: e indicates there is no covariate in the analysis.

Fig. 1. The effects of the rate of N addition on species frequency and the probability of spec
probability and (c) colonization probability. Nine rates (0, 1, 2, 3, 5, 10, 15, 20, and 50 g N m�

polygon, red circles and bule circles represent the control (ambient N), the low (twice yr�1;
respectively. P-values between the two frequencies of N addition were given.
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(33.33% vs 1.85%) was lower at the lower frequency of N addition
(Fig. 2c; F1,1223 ¼ 4.6, P ¼ 0.0326).

3.3. Relationship between soil factors and the probability of
extinction and colonization

Irrespective of the frequency of N addition, species frequency
was positively correlated with soil pH (Fig. S6a; R2 ¼ 0.84,
P < 0.001) and negatively correlated with soil ammonium con-
centration (Fig. S6d; R2 ¼ 0.84, P < 0.001). Also, the species
extinction probability was negatively correlated with soil pH
(Fig. S6b; R2 ¼ 0.71, P < 0.001) and positively correlated with soil
ammonium concentration (Fig. S6e; R2 ¼ 0.74, P < 0.001) at two
frequencies of N addition, while the relationship between the
species colonization probability and soil pH and soil ammonium
nitrogen was not significant (Figs. S6c and f; Ps � 0.1446).

3.4. Relationship between plant height and the probability of
extinction and colonization

Plant reproductive height (Fig. 3b,e; AIC ¼ 57.4) was the best fit
to species extinction probability compared to the average height
(Fig. 3a; AIC ¼ 58.5), vegetative height (Fig. 3c; AIC ¼ 65.9), and
ANPP (Fig. 3d; AIC ¼ 61.9). Meanwhile, neither the reproductive
height, vegetative height, average height, nor species ANPP corre-
lated with the species colonization probability (Table S2; R2 < 0.10),
with the lowest mean AIC observed in the vegetative height
(Fig. 3fej). There was no significant correlation between the species
extinction/colonization probability and other measured traits, such
as plant root depth (Figs. S5aed).

Moreover, the plant reproductive height (Fig. 4b; R2 ¼ 0.62,
P ¼ 0.0008) was more closely correlated with species extinction
probability as it had the highest R2 value compared with the
average height (Fig. 4a; R2 ¼ 0.54, P ¼ 0.0029), vegetative height
(Fig. 4c; R2¼ 0.08, P¼ 0.3287), and species ANPP (Fig. 4d; R2¼ 0.39,
P ¼ 0.0173), regardless of the N addition frequency (Figs. S4aed).
There was no significant correlation between the species coloni-
zation probability and plant reproductive, average, and vegetative
heights, and species ANPP (Fig. 4eeh; Figs. S4eeh), suggesting that
plant height and species ANPP are poor indices for species coloni-
zation probability with N addition.

Finally, results of the multiple stepwise regression analysis
showed that the reproductive height was the best individual pre-
dictor for species extinction probability with 62% of the variance
explained (Table 3; F1,12 ¼ 19.7, P ¼ 0.0008). However, similar with
ies extinction and colonization across 2008e2013. (a) species frequency, (b) extinction
2 yr�1) crossed with two frequencies (twice yr�1 vs. monthly) of N addition, which gray
2N additions yr�1) and the high (monthly; 12N additions yr�1) frequency of N addition,



Fig. 2. The effects of the frequency of N addition on species frequency and the probability of species extinction and colonization across 2008e2013. (a) species frequency, (b)
extinction probability and (c) colonization probability. Gray, red and bule represent the control (ambient N conditions), the low (twice yr�1; 2N additions yr�1) and the high
(monthly; 12N additions yr�1) frequency of N addition, respectively. P-value between the two frequencies of N addition were given.

Fig. 3. Species extinction and colonization as functions of average height (a, f), reproductive height (b, g), vegetative height (c, h) and species ANPP in control (d, i) under N
enrichment. AIC values show the fit goodness of different models (e, j). Different colors represent 9 rates of nitrogen additions (0, 1, 2, 3, 5, 10, 15, 20, and 50 g N m�2 yr�1); Solid
lines and Dotted lines represent the low (twice yr�1; 2N additions yr�1) and the high (monthly; 12N additions yr�1) frequency of N addition, respectively.
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above-mentioned analysis, neither plant height nor ANPP was a
significant factor for colonization probability (Table 3; P > 0.05).

4. Discussion

To the best of our knowledge, this is the first in situ study
designed to tease apart the effects of reproductive height, vegeta-
tive height, and their average, and species biomass on the proba-
bility of species extinction and colonization, as the plant height and
species biomass were the most commonly used to analyze the
richness of clonal grasses in previous studies (Gough et al., 2012;
Dickson and Gross, 2013; Gross and Mittelbach, 2017). Nitrogen
addition significantly decreased the species frequency and
increased species extinction probability, but did not significantly
alter the species colonization probability. A low frequency of N
addition reduced the species frequency and colonization proba-
bility, but showed a greater species extinction probability, partially
260
supporting our first hypothesis. This finding suggests that this may
overestimate the negative effect of atmospheric N deposition on
clonal grass richness by overestimating extinction probability and
underestimating colonization probability. Contrary to our second
hypothesis, reproductive height was the best index for assessing
the species extinction probability relative to vegetative height,
average height, and species biomass. Therefore, clonal species with
a low reproductive height face a higher extinction risk with an
increasing N deposition.

4.1. Frequency of N addition on species extinction and colonization
of clonal grasses

The species frequency and colonization probability were lower
under the low frequency N addition (Table 2; Fig. 2a, c), which
correlates with our previous results at the community level (Zhang
et al., 2014b, 2016). These results may be related to the stronger



Fig. 4. The correlation relationship of species extinction probability and colonization probability and average height (a, e), reproductive height (b, f), vegetative height (c, g) and
species ANPP in control (d, h) under N additions. Red and bule represent the low (twice yr�1; 2N additions yr�1) and the high (monthly; 12N additions yr�1) frequency of N addition,
respectively. Different shapes represent species identity. Significant lines were shown.

Table 3
Results of the multiple stepwise regression analysis of extinction and colonization probability on plant height and ANPP in control. The plant height was reproductive height
(RH) and vegetative height (VH). Before the multiple stepwise regression analysis, we examined the collinearity of the predictor, so we removed average height (VIF >10). The
lowest AICs were bold.

Response variable Multiple stepwise regression model AIC F R2 P

Extinction probability (EP) Model 1: EP ¼ 0.002VH e 0.006RH e 0.002ANPP �56.31 6.5 0.66 0.0104
Model 2: EP ¼ e 0.005RH e 0.002ANPP �58.05 10.4 0.65 0.0029
Model 3: EP ¼ e 0.006RH ¡58.82 19.7 0.62 0.0008

Colonization probability (CP) Model 1: CP ¼ 0.004VH e 0.007RH þ 0.001ANPP �69.95 1.0 0.23 0.4372
Model 2: CP ¼ 0.004VH e 0.0003RH �71.54 1.4 0.21 0.2819
Model 3: CP ¼ 0.004VH ¡73.40 3.0 0.20 0.1110
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effects of soil ammonium toxicity (Zhang et al., 2014b, 2016). Sur-
prisingly, the low frequency N addition increased the clonal species
extinction probability, which is inconsistent with our previous re-
sults, thus showing that the resident species loss number was
greater between the two frequencies of N addition at the com-
munity level (Zhang et al., 2016). The higher clonal species
extinction probability under the low frequency of N addition may
also be related to an increased soil ammonium toxicity. Because we
found that clonal species extinction probability was negatively
correlated with soil pH and positively correlated with soil ammo-
nium concentration at two frequencies of N addition, and during
the experimental period, only the soil ammonium concentration
was significantly higher at the low frequency of N addition (Zhang
et al., 2014a, 2014b) due to the lower ammonia emissions from the
soils (Zhang et al., 2014a). The higher soil ammonium nitrogen
concentration may be toxic to seed germination, seedlings, and
tillers (van Den Berg et al., 2005), thus reducing seedling recruit-
ment and tiller survival whilst accelerating the replacement of
alkaline cations such as Ca2þ and Mg2þ from the soil (Matschonat
and Matzner, 1996; Bowman et al., 2008). This resulted in the loss
of these cations through leaching (Tian and Niu, 2015). Therefore,
ammonium ions may break the balance of basic cations in plants,
resulting in indirect toxicity. A lack of alkaline cations reduces the N
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utilization efficiency (Chen et al., 2017) and photosynthetic effi-
ciency (Bethers et al., 2009), causing secondary stress and weak-
ening the resistance to diseases and pests (Kleijn et al., 2008).

All the clonal grasses in the grassland were aboveground bud
species, and the aboveground tissues were dead during winter
(Bai et al., 2004). Therefore, the low frequency of N addition with
the stronger soil ammonium toxicity both directly and indirectly
decreased the colonization probability and increased the extinc-
tion probability, resulting in a reduced species richness and fre-
quency. Low frequency N addition significantly overestimated the
decline in species richness and frequency by decreasing the
colonization probability combined with an increasing extinction
probability.

4.2. Effects of plant height on the species probability of extinction
and colonization

Nitrogen addition decreased the species frequency and
increased extinction probability, which is consistent with the pre-
vious N-induced negative effects on species richness at the com-
munity level (Zhang et al., 2014b, 2016) and in the global grassland
ecosystems (Clark and Tilman, 2008; Humbert et al., 2016;
Seabloom et al., 2021; Muehleisen et al., 2023).
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Average plant height (commonly used in previous studies) and
species ANPP were negatively associated with the species extinc-
tion probability, indicating that either a low stature or rare species
had a higher extinction probability under N-enriched conditions,
which is consistent with previous studies in grasslands (Suding
et al., 2005; Yang et al., 2018; Zhu et al., 2020). Low-stature spe-
cies are more likely to be lost following N enrichment, which may
bemainly attributed to the asymmetry in light resources (Saar et al.,
2012; Yang et al., 2015; DeMalach et al., 2017; Xiao et al., 2021). In
this study, the taller Leymus chinensis and Agropyon cristatum
species had a lower extinction probability, whereas the lowest
stature clonal grass (Cleistogenes squarrosa) had the highest
extinction probability. Our findings support the classic “size
advantage” theory that taller species aremore competitive and tend
to grow better in nutrient-enriched environments (Yang et al.,
2011; Lines et al., 2012; Craine and Dybzinski, 2013; Gross and
Mittelbach, 2017).

More importantly, the reproductive height relative to the
vegetative height, average height, and species biomass (ANPP)
more accurately explains the variation in the species extinction
probability (largest R2 and lowest mean AIC). This suggests that the
plant reproductive height may be a more accurate index for eval-
uating the extinction probability of clonal grasses under N-
enrichment, compared to other indices. The resource trade-off
between clonal and sexual reproduction is one of the most
important characteristics in the plant life history (Chu et al., 2006),
and N addition may change the balance (Loeppky and Coulman,
2001; Wang et al., 2019; Liu et al., 2021). Rhizome expansion in
N-enriched environments may lead to an increase in the ramet
density and intraspecific competition, and induce sexual repro-
duction to some extent (Rautiainen et al., 2004). Taller clonal spe-
cies tend to have more sexual reproduction decisions (H€ammerli
and Reusch, 2003) as seed transmission may weaken the intra-
specific competition for resources and increase the survival
advantage (Yang and Kim, 2016). Species with a taller reproductive
stature tend to have a higher seed mass (Moles et al., 2004), shorter
propagation distances (Marteinsd�ottir, 2014), and lower extinction
probability (Larson and Funk, 2016). Species with a taller repro-
ductive height might be more conducive to alleviating the ammo-
nium toxicity in the N-enriched environment because of the
stronger silicon transport and accumulation ability (Pavlovic et al.,
2021; Barreto et al., 2022). Monocotyledons, such as grasses,
accumulate significant amounts of silicon (Epstein, 1999; Ma and
Yamaji, 2015; de Tombeur et al., 2023), particularly in the hulls of
spikes (Raven, 2003; Farooq and Dietz, 2015). Grasses with taller
reproductive modules that develop spikes may have a superior
silicon transport and accumulation to alleviate the ammonium
toxicity and decrease the extinction probability.

Neither the height nor species biomass had a significant rela-
tionship with the species colonization probability. Previous
studies showed that the species colonization limitation depends
on litter mass and light penetration, but has no direct relationship
with the aboveground biomass (Tilman, 1993). Taller species had a
low colonization probability (Tracey and Aarssen, 2019), while
smaller species may have a high colonization ability owing to the
high abundance of small seeds (Hodgson et al., 2020). Plant height
is more sensitive to light under N-enriched conditions, whereas
seed mass (Spotswood et al., 2017), seed quantity (DeMalach et al.,
2016; Eskelinen et al., 2021), and root type (Dickson et al., 2014)
often show stronger responses to the soil environments. The
aboveground and belowground parts jointly determine the rich-
ness of the species (Flores-Moreno et al., 2019; Weigelt et al.,
2021). Therefore, it is necessary to explore the effective predic-
tor (trait) of the clonal grass colonization under an increasing N
deposition.
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In summary, a low frequency of N addition might overestimate
the effects on the probability of colonization and extinction, hence
resulted in a higher loss of clonal grasses, which was attributable
to soil ammonium toxicity, consistent with previous studies
(Zhang et al., 2014b). These findings support our previous sug-
gestion that simulating the atmospheric deposition should utilize
a higher frequency of N addition (Zhang et al., 2014b). More
importantly, for the first time to the best of our knowledge, by
evaluating the effects of three plant heights (vegetative, repro-
ductive and average) and aboveground biomass on the diversity of
clonal grasses under N addition, we found that clonal grass
reproductive height was the best index to predict the extinction
probability of clonal grasses in N-enriched conditions. This in-
dicates that clonal grasses with higher reproductive height have a
lower extinction probability in N-enriched conditions. Further
studies with various clonal species are needed to test these con-
clusions and improve the biodiversity conservation under human-
caused environmental changes.
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