
1942  |  	﻿�  Journal of Ecology. 2022;110:1942–1956.wileyonlinelibrary.com/journal/jec

Received: 14 November 2021  | Accepted: 4 May 2022

DOI: 10.1111/1365-2745.13928  

R E S E A R C H  A R T I C L E

Intra-annual species gain overrides species loss in determining 
species richness in a typical steppe ecosystem after a decade 
of nitrogen enrichment

Ming Zhao1,2  |   Hongxiang Zhang3  |   Carol C. Baskin4,5  |   Cunzheng Wei1  |   
Junjie Yang1  |   Yunhai Zhang1  |   Yong Jiang6  |   Lin Jiang7  |   Xingguo Han1,2

1State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of Sciences, Beijing, China; 2University of the Chinese 
Academy of Sciences, Beijing, China; 3Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences, Changchun, China; 4Department of 
Biology, University of Kentucky, Lexington, Kentucky, USA; 5Department of Plant and Soil Sciences, University of Kentucky, Lexington, Kentucky, USA; 6School 
of Life Sciences, Hebei University, Baoding, China and 7School of Biological Sciences, Georgia Institute of Technology, Atlanta, Georgia, USA

© 2022 The Authors. Journal of Ecology © 2022 British Ecological Society.

Correspondence
Xingguo Han
Email: xghan@ibcas.ac.cn

Funding information
National Science Foundation of China, 
Grant/Award Number: 42130515

Handling Editor: Eric Lamb 

Abstract
1.	 Increasing deposition of atmospheric nitrogen (N) due to accelerated human 

activities is a threat to various ecosystems. However, there is a lack of long-
term experimental evidence demonstrating the seasonal dynamics of plant spe-
cies turnover that ultimately determines species richness in natural ecosystems 
under N enrichment. Moreover, the frequency of N addition also may affect 
species turnover in a community, but it is rarely studied.

2.	 To assess the responses of a plant community to N addition, we manipulated the 
amounts (0–50 g N m−2 year−1) and frequency (2 vs. 12 times year−1) of N addition 
in an Inner Mongolian typical steppe ecosystem in northern China for 12 con-
secutive years (2008–2020). We measured species richness and density of plant 
in the growing seasons (May–September) from 2018 to 2020, starting 10 years 
after the initial N addition treatment.

3.	 Both species gain and species loss decreased with increasing amounts of N ad-
dition, resulting in a lower plant species turnover rate and greater similarity in 
the community between two adjacent months throughout the growing season. 
Species loss and species gain increased modestly under high N addition fre-
quency. Species gain was more important than species loss in determining spe-
cies richness after a decade of N application. In addition, plant density increased 
at high N amounts, mainly driven by enhanced clonal growth of the dominant 
species, Leymus chinensis.

4.	 Synthesis. Together, these results suggest that high levels of N deposition may 
suppress species richness due to aggravated soil chemical properties and may 
favour growth of a limited number of N-tolerant species compared to systems 
that experience low levels of N deposition. To conserve biodiversity and to  
facilitate restoration of degraded grassland ecosystems exposed to long-term N 
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1  |  INTRODUC TION

Increasing applications of inorganic nitrogen (N) fertilizers to agri-
cultural lands and increased combustion of fossil fuels have dras-
tically increased the concentration of active N compounds in the 
atmosphere (Erisman et al.,  2008; Galloway et al.,  2004; Sutton 
et al., 2011). Consequently, it is anticipated that both terrestrial and 
aquatic ecosystems throughout the world will experience multifac-
eted impacts from atmospheric N deposition (IPCC, 2022; Sutton & 
Bleeker, 2013). N deposition is known to affect the structure, func-
tion and stability of ecosystems (Bai et al., 2010; Isbell et al., 2013; 
Vitousek et al., 1997; Zhang et al., 2019). For example, it has been 
found that N deposition generally enhances annual net primary 
productivity (ANPP), but at the same time reduces plant diversity 
across various ecosystems, particularly those that are N limited 
(Sala et al.,  2000; Seabloom et al.,  2021). N-induced decreases in 
biodiversity, in turn, have negative impacts on an array of ecosys-
tems services, such as increased temporal variability of ANPP or 
decreased ecosystem stability (Hautier et al.,  2014, 2020; Isbell 
et al.,  2011), alteration of biogeochemical and hydrological cycles 
(Asner et al., 2001; Widdig et al., 2020), impoverishment of soil biota 
(Widdig et al.,  2020), and increased susceptibility of ecosystems 
to multiple stressors such as pest infestation and extreme climate 
events (Beierkuhnlein et al., 2011; Pato & Obeso, 2013).

A host of hypotheses have been proposed to explore the fun-
damental mechanisms of biodiversity losses in varying ecosystems 
subjected to N deposition. These hypotheses include, but are not 
limited to three categories. The first category of hypotheses em-
phasizes the importance of competition among co-occurring spe-
cies (Boyer & Zedler, 1999; Broadbent et al., 2018). It is generally 
accepted that N addition intensifies below-ground competition for 
nutrients and water (Rajaniemi et al., 2003). Similarly, enhanced com-
petition for light may occur among species with different heights, 
where tall species have advantages over short, understorey species 
(Hautier et al., 2009). The second category of hypotheses pertains 
to changes of soil physicochemical properties that will favour the 
performance of some species but not others. For instance, increases 
in concentration of ammonium (NH4

+) followed by enhancement of 
nitrification (Dorland et al., 2003) can exacerbate soil acidification 
(de Graaf et al.,  1998) and cause aluminium (Al+3) toxicity (Abedi 
et al., 2013), and N deposition can create imbalanced changes in N:P 
ratios (Elser et al., 2009), thereby leading to changes in community 
composition. The third category of hypotheses focuses on niche 
dimensionality, which suggests that addition of limiting resources 
would reduce the number of coexisting species by reducing the 

number of non-overlapping ecological niches (Harpole et al., 2016; 
Harpole & Tilman, 2007). The above-mentioned hypotheses, which 
are independent but not exclusive, have often been applied to ex-
plain the causes of reduced plant diversity in N-enriched ecosys-
tems. However, most of these studies have been based on short-term 
experiments that used addition of limited amounts of N (Stevens, 
Bunker, et al., 2004; Tulloss & Cadenasso, 2016). In fact, long-term 
field experiments that consider accumulative effects across a wide 
range of amounts of N added are needed. The use of a large gradi-
ent of N addition allows for the detection of thresholds of abrupt 
changes in parameters of plant population demography and for dis-
entangling the relative importance of species gain and species loss 
in shaping the community structure (Norghauer & Newbery, 2010).

Since deposition of atmospheric N occurs at a high frequency 
with chronic input of small amounts of reactive N into ecosystems, 
the frequency of N addition also should be considered in N depo-
sition studies (Galloway et al.,  2008; Zhang, Loreau, et al.,  2016). 
For example, Zhang, Loreau, et al. (2016) found that the effects of 
N input on the temperate grassland ecosystem were regulated by 
the frequency of N addition, with greater losses of species at low 
frequency (pulsed N addition) and high amounts of N addition. This 
effect was mainly due to the high concentration of NH4

+-N in the 
soil (Zhang, Stevens, et al., 2016). However, the effects of frequency 
of N addition on species turnover (species gain and species loss) re-
main to be comprehensively investigated using long-term studies. 
Moreover, most of studies of plant diversity have focused mainly on 
counting the total number of species at one sampling event during 
the growing season or only at the stage of peak biomass. There is 
a lack of information on the seasonal dynamics of plant communi-
ties affected by N deposition (Stevens, Dise, et al., 2004), which is 
important in evaluating the emergence and survival of the species 
during the course of a growing season. Thus, more frequent sam-
pling is needed to address the intra-annual turnover of all plant spe-
cies, including both dominant and rare species in plant communities 
(Avolio et al., 2015, 2019).

Before formulation of specific hypotheses, we assumed that N 
enrichment might have an influence on species richness of the com-
munity through its effects on species turnover based on intra-annual 
monitoring of species gain and loss in experimental plots. There are 
four possible scenarios that can describe changes in species gain, loss 
and turnover at any point in time with N addition, especially under 
high N addition amounts. First, species loss is high, but species gain is 
not affected by N deposition, resulting in increased species turnover 
under N enrichment (Figure 1a). Short-term studies have shown that 
establishment of plant is limited due to intensified competition for 

deposition, amelioration of the acidified soils induced by N deposition may be an 
important strategy to use.
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light among plants under high amounts of N addition, while seed ger-
mination was less affected by N addition amounts (Stevens, Bunker, 
et al., 2004). Second, increases in species loss are accompanied by 
a decrease in species gain at similar rates, resulting in unchanged 
species turnover with N addition amount (Figure  1b). This may 
suggest that N addition, even in the short term, will inhibit species 
gain and simultaneously accelerate species loss due to intensified 
above-ground competition for light and deteriorated soil chemical 
properties such as reduced soil pH and increased cation toxicity 
(Hautier et al., 2009; Zhang, Loreau, et al., 2016). Third, N deposi-
tion significantly reduces species gain, but its effect on species loss 
is negligible, resulting in reduced species turnover (Figure 1c). This 
has been demonstrated by seed bank and seedling establishment re-
sults from a long-term N addition experiment in which N enrichment 
caused a drastic reduction in the density of forb seedlings due to 
litter accumulation and changes in soil physical and chemical proper-
ties, with seedling survival from May through August remaining un-
changed among treatments (Kitajima & Tilman, 1996). Fourth, both 
species gain and species loss decreased with N addition, leading to 
decreased species turnover in N enrichment (Figure 1d). These four 
scenarios, as abovementioned, may depend on the duration of the  
N addition experiment. Scenarios 1 and 2 may operate under the 
circumstances of a short-term N addition experiment, while scenar-
ios 3 and 4 may become more prominent in a long-term N addition 
experiment. Previous studies have shown that long-term N deposi-
tion progressively depletes the soil seed bank and suppresses seed 
germination and asexual reproduction of plants, resulting in a reduc-
tion of species gain (Basto et al., 2015; Zhong et al., 2019). Thus, the  
N-sensitive species may have been lost long ago (Phoenix et al., 2012). 
Therefore, several years after N application, there will be only a pool 
of a few species remaining that have the potential to be lost, and 
furthermore they are likely tolerant to high N (Milbau et al., 2017).

Based on the above arguments, we adopted the fourth scenario 
as the basis for formulating the working hypothesis of our study be-
cause our field measurements took place from the 10th to the 12th 
year of N treatment. We conducted a long-term field N addition ex-
periment using nine levels of N addition (0, 1, 2, 3, 5, 10, 15, 20, 

and 50 g N m−2 year−1) with two frequencies of N addition (2 vs. 12 
additions year−1) to examine the effects on species gain and species 
loss in a temperate steppe ecosystem. By doing so, we were able to 
examine the dosage (N addition amounts) and frequency (pulsed N 
addition vs. equally divided N addition throughout the year) effects 
of N addition on the seasonal dynamics of species richness.

Specifically, we aimed to test three hypotheses: (1) Both species 
gain and species loss on an intraannual basis would decrease across 
a large gradient of N addition. (2) Low-frequency N addition (2 times 
year−1) would have a stronger effect on rates of species gain and loss 
than high-frequency addition (12 times year−1). 3. Species gain would 
be more important than species loss in determining species richness 
of communities under varying amounts of N addition.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The N addition experiment was established in 2008 in a steppe grass-
land adjacent to the Xilinhot Grassland Ecosystem Research Station 
in the Inner Mongolia Autonomous Region, China (43°32′45′′N, 
116°40′30′′E) (Figure S1). This grassland ecosystem is a part of the 
Eurasian steppe, which is one of the largest contiguous grassland 
ecosystems in the world (Kang et al.,  2007). Thus, studying the 
structure and function of Eurasia grasslands can provide important 
information about the future direction of vegetation dynamics under 
the impacts of human disturbance and climate change. Based on the 
meteorological records from this station for the past 34 years (1980–
2014) (http://nmg.cern.ac.cn/meta/metaData), mean annual precipi-
tation is 349.6 mm, with 72.0% of it occurring from May to August 
during the growing season, and mean annual temperature is 0.9°C, 
ranging from −21.1°C in January to 19.8°C in July. Mean monthly 
temperature and the total monthly precipitation during the study 
period (2018–2020) are given in Figure S2. The soil is classified as 
Calcic-Orthic Aridisol according to the US soil taxonomy classifica-
tion (Baillie, 2001). Annual N deposition in the experimental area is 

F I G U R E  1  Possible scenarios of species gain, species loss and species turnover in response to long-term nitrogen addition during the 
growing season. The red lines are the species gain, the black lines are the species loss, and the blue lines are the species turnover in the 
community.

http://nmg.cern.ac.cn/meta/metaData
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approximately 1.8  g m−2  year−1 (Giese et al.,  2013). The study site 
was fenced to exclude livestock grazing for 9 years prior to the initia-
tion of the experiment and no fertilizers were applied until the ex-
periment began in 2008. The dominant species, the grasses Leymus 
chinensis and Stipa grandis, together accounted for more than 60% of 
the total peak above-ground biomass (Zhang, Stevens, et al., 2016).

2.2  |  Experimental design

A completely randomized block design was used for the N-addition 
experiment. A total of 10 blocks was used, and each block was 
45 × 70 m, with a walkway 2  m wide between the blocks. The ex-
periment included nine amounts of N (0, 1, 2, 3, 5, 10, 15, 20 and 
50 g N m−2 year−1; N0, N1, N2, N3, N5, N10, N15, N20 and N50, respec-
tively) applied at two frequencies (N addition 2 times year−1 vs. N 
addition 12 times year−1), with each treatment having 10 replicates. 
NH4NO3 addition started on 1 September 2008 and was continued 
on the first day of each month thereafter for the high-frequency 
treatment (N addition 12 times year−1). For the low-frequency treat-
ment (N addition 2 times year−1), NH4NO3 addition was started on 
1 November 2008 and was continued on the first day of June and 
November thereafter. The addition amounts of NH4NO3 are shown 
in Table S1. That is, between September of 2 year and August of the 
next, the amount of N added per year in both frequencies of the N 
addition (2 and 12 year−1) was the same. No permits were required 
to conduct fieldwork.

During the growing season (May–October) when N application 
was carried out, we first mixed NH4NO3 with 9 L of purified water, 
and then uniformly sprayed with a sprayer on the surface of each 
treatment plot. During the non-growing season (November–April), 
NH4NO3 was mixed with 0.5 kg clean sand (sieved through less than 
1 mm sieve, dipped in hydro-chloric acid, washed in purified water 
and heated at 120°C for 24 h in the oven) and the mixture was man-
ually spread evenly on the soil surface of each treatment plot. The 
0 g N m−2 year−1 (with water, or sand depending on the season) was 
designated as the control to assess any potential confounding ef-
fects coming from additions of sand and water. Hence, there were 
18 experimental treatments (9 amounts × 2 frequencies of N addi-
tion) with 10 replicates, yielding a total of 180 experimental plots 
(8 m × 8 m). By 2020, all blocks had received N addition treatments 
for 12 consecutive years. More details on the experimental design 
can be found in Zhang et al. (2014) and Wang et al. (2019).

2.3  |  Sampling and measurements

To evaluate the effect of long-term N addition on plant species turn-
over in the community on an intra-annual basis, the number of plant 
species and plant density (number of individual plants per square 
meter for sexually reproducing species and number of ramets for 
clonal species) was counted in each experimental treatment plot, 
once a month from May to September. The field measurements were 

repeated for three consecutive years from 2018 to 2020. In April of 
each year, a 0.5 m × 2 m quadrat was established in each plot, and 
this quadrat was used to non-destructively count the number of spe-
cies and plant density at monthly intervals from May to September. 
To minimize the impact of the field survey on the plant community, 
new quadrats were laid out in the second and the third year of the 
study. The quadrats in each plot had no spatial overlap among years, 
at least 50 cm apart from each other to avoid edge effects.

We compared the species in each quadrat for each month from 
May to September, to determine which species were newly emerged 
and which ones were lost. The number of species gained (June–
August) and the number of species lost (June–August) in a quadrat 
were calculated based on the number and identity of the species 
from two sampling intervals (1 month) in the same quadrat. We did 
not differentiate whether species in quadrats were produced by seed 
germination or vegetative regeneration. We defined species gain as 
the number of newcomers that were not found in the plot in prior 
months, which does not necessarily mean that the species was not 
there in the previous year. The reappearance of previously emerged 
species that had disappeared was excluded from species gain for any 
of the subsequent months, because the temporary disappearance 
of a species may be an artefact of sampling or population stochas-
ticity rather than a biologically meaningful event (Anderson, 2007). 
Similarly, the temporary disappearance of a species also was ex-
cluded from species loss. Species loss was defined as the number of 
species present in a quadrat in previous months but not present in 
later months during the growing season of that particular year. For 
example, if a species appeared in May, but it disappeared in June and 
never showed up in any of the following months (July–September), 
we consider this species as being lost in June. Since the growing sea-
son ends in September, we did not calculate the species gain and 
species loss in this month.

At the end of August each year, litter was collected from an-
other 1 m × 1 m quadrat of each plot and weighed to determine litter 
mass. In the same month, three soil cores (0–10 cm depth and 50 cm 
apart) were collected using a 3-cm-diameter soil auger from the as-
signed sampling area adjacent to the quadrats. Soil samples were 
thoroughly mixed and one composite sample was sieved through a 
2-mm mesh for analysing the concentrations of soil ammonium N 
(NH4

+-N) and nitrate N (NO3
−-N). The subsamples were air-dried for 

analysis of soil pH. To measure soil NH4
+-N and NO3

−-N concen-
trations, a 10  g aliquot of fresh soil was extracted with 50 ml KCl 
(2.0 M) solution and then shaken for 30 min with a reciprocal shaker. 
Afterwards, the soil solution was filtered through Whatman No. 32 
filter paper. The filtrate was analysed for soil NH4

+-N and NO3
−-N 

using a flow injection auto analyser (FLAstar 5000 Analyser; Foss 
Tecator, Hillerød, Denmark). The concentrations of NH4

+-N and 
NO3

−-N were expressed on a dry weight basis. Soil pH was mea-
sured in water suspension (soil: water  =  1: 2.5) using a pH meter 
(FE20-FiveEasy).

We calculated the species gain rate (GP), species loss rate (LP) and 
species turnover rate (Tp) for each month (June–August) based on 
the equations proposed by Anderson (2007):
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where Sgain and Sloss represent species gain and species loss, respec-
tively, between any two adjacent sampling intervals. S1 and S2 are spe-
cies richness at two adjacent samplings.

We also calculated species similarity at each sampling interval 
using Jaccard's similarity index (Real & Vargas, 1996):

where S1 and S2 are species richness at two adjacent samplings, re-
spectively, and S is number of species shared by two sampling events.

Total species gain (TSgain) during the entire growing season was 
calculated by summing up species gains from June to August. Total 
species loss (TSloss) was the sum of monthly species losses from 
June to August. Plant species were classified into common and rare 
species based on their relative abundance. A species was defined 
as ‘common’ if its mean relative abundance in the control plots ex-
ceeded 1%, and as ‘rare’ if its mean relative abundance was <1% 
(Clark & Tilman,  2008). We also counted total gain and total loss 
of the common species and rare species, respectively, across the 
growing season. The proportion of common species gain (PSCgain) 
and rare species gain (PSRgain) to total species gain and proportion of 
common species loss (PSCloss) and rare species loss (PSRloss) to total 
species loss were calculated.

2.4  |  Statistical analysis

All statistical analyses were implemented in R version 3.4.0 (R Core 
Team, 2018) using the nlme and vegan packages. Figures were pro-
duced using the ggplot2 package (Wilkinson,  2011). To meet the 
assumption of data normality for further analyses, we used natu-
ral logarithms to transform dependent variables including Gp and 
Lp prior to performing the analyses. We used mixed-effects models 
to test treatment effects and temporal trends while accounting for 
repeated measurements following the lme function:

where Y was the response variable (species richness, Sgain, Sloss, den-
sity of plant, Gp, Lp, Tp, SJ, TSgain, TSloss, PSCgain, PSRgain, PSCloss and 
PSRloss), N (amount of N added), F (N addition frequency) and time 
(month and year) were treated as fixed effects and the plot was in-
cluded as a random variable. All models were assumed to follow a 
first-order autoregressive temporal covariance structure, which was 
accounted for by repeated measurement. We treated amount of 
N addition as a continuous variable and N addition frequency as a 

categorical variable. We also used variance partitioning (vegan pack-
age in r) and Venn diagrams to determine the total variance in species 
richness at the peak of the growing season that was explained by a 
predictor matrix of total species gain and total species loss (uniquely 
and jointly) (Ding et al., 2020).

Soil NH4
+-N and NO3

−-N concentrations were log10 trans-
formed to meet the assumption of normality. Linear regressions 
were used to estimate the effects of soil parameters on total spe-
cies gain and total species loss, by including N addition frequency as 
a categorical variable that interacted with soil parameters. A signif-
icance (α = 0.05) of the interactive effect indicated the differences 
between the two slopes. All statistical analyses were implemented 
in R.

The structural equation modelling (SEM) analyses were based on 
an initial structural equation model considering all plausible path-
ways (Figure S3). We tested the effects of experimental treatments 
(amount and frequency of N addition), soil parameters (Soil NH4

+-N 
concentrations, soil NO3

−-N concentrations and soil pH) and litter 
mass on the total species gain and total species loss using data from 
2018 and 2020. To obtain the best SEM, adequacy of the model 
was determined using a χ2 test (p > 0.05), root mean square errors of 
approximation (RMSEA) <0.08 and the Akaike information criteria 
(AIC). Each hierarchical model was simplified by step-wise exclusion 
of pathways with non-significant regressions (p > 0.05). We adjusted 
the path according to the modified indicators in the statistics until 
the model passed statistical tests. All SEM models were developed 
with the AMOS software (version 21; IBM SPSS Inc.).

3  |  RESULTS

3.1  |  Intra-annual species gain and species loss in 
the community under varying N addition amounts and 
frequency

Our experiment was from the 10th to the 12th year of N enrich-
ment. Averaged over 3 years, species richness over the growing sea-
son (May–September) was affected by amount but not frequency 
of N addition (N: p < 0.0001, F: p  =  0.071, Table S2, Figure  2). 
Species richness declined as N addition amount increased (Figure 2), 
and the magnitude of this effect differed among months (N × M: 
p < 0.0001, Table S2, Figure  2). Species richness, for a given level 
of N addition, was more variable among months under low N ad-
dition amounts (<5–10  g N m−2  year−1) relative to high N addition 
amounts (>15 g N m−2  year−1) (Figure  2). Species richness was 
very similar among months under the highest N addition amount 
(50 g N m−2 year−1).

Averaged over 3 years, N addition significantly reduced spe-
cies gain on a monthly basis (N: p < 0.0001, Table  1, Figure  3a). 
This reduction in species gain was more conspicuous in June than 
in other months. Species gain from June to August over the 3 years 
was always less than two across all N addition amounts. The effect 
of N addition frequency on species gain could vary by month only 

(1)GP = Sgain ∕
[
(1∕2)

(
S1 + S2

)]
,

(2)LP = Sloss ∕
[
(1∕2)

(
S1 + S2

)]
,

(3)TP =
(
Sgain + Sloss

)
∕
(
S1 + S2

)
.

(4)SJ = S∕
(
S1 + S2 − S

)
,

(5)

lme (Y∼N×F×Time; random

= ∼1|Plot; correlation=corCAR1(form= ∼1, Plot)),
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in certain years (F × M × Y: p  =  0.07, Table  1). More species were 
gained under high N addition frequency than under low N addition 
frequency in the early growing season (F × Y: p  =  0.018, Table S3, 
Figure S4). N addition significantly decreased species loss, particu-
larly at high N addition amounts (N20–N50), with species loss drop-
ping to zero in the 50 g N m−2 year−1 treatment (N: p < 0.0001, Table 1, 
Figure 3b). More species were lost under high N addition frequency 
(F: p = 0.016, Table 1, Figure 3b), being particularly conspicuous in 
August when plants started to senesce (F: p = 0.032, Table S3). N 
addition not only affected species gain and species loss, but it also af-
fected plant abundance expressed as plant density in the community 
on a monthly basis (N: p < 0.0001, Table 1, Figure 3c). At both low 
and high N addition frequencies, averaged over 3 years, plant density 

changed slightly at low to medium levels of N addition and sharply 
increased at high N addition from 20 to 50 g m−2 year−1. Plant density 
continued to increase with time from June to August, particularly at 
low N addition frequency.

Based on monthly monitoring of species gain and species loss 
from 2018 to 2020, rates of species gain, loss and turnover and spe-
cies similarity of the community were calculated for each sampling 
time and then the monthly averages were calculated for all quadrats. 
ANCOVA revealed that N addition amount and year significantly in-
fluenced rates of species gain, loss and turnover and species similarity 
of the community (N: p < 0.0001, Y: p < 0.05, Table 2, Figure 4) and 
the effect of N addition amount on rates of species gain and turnover 
and species similarity of the community also depends on the month 

F I G U R E  2  Effects of amount and 
frequency of N addition on monthly 
species richness during the growing 
seasons (May–September) averaged 
from 2018 to 2020. Solid symbols 
denote 2 N addition year−1 and hollowed 
symbols denote 12 N addition year−1. 
Data are means of 30 replicates of each 
treatment ± SE.

TA B L E  1  Results of repeated-measure mixed model ANOVA of N addition frequency (F), N addition amount (N), month (M), year (Y) and 
their interactions on the monthly species gain (Sgain) and species loss (Sloss) and density of plant during the growing season in 2018–2020. 
Values in bold denote significance at p = 0.05

Fixed effect df

Sgain Sloss Density of plant

F p F p F p

N 1528 205.855 <0.0001 74.651 <0.0001 69.361 <0.0001

F 1528 1.965 0.162 5.865 0.016 3.286 0.070

M 21,056 46.182 <0.0001 69.755 <0.0001 41.806 <0.0001

Y 2528 11.665 <0.0001 1.357 0.258 108.312 <0.0001

N × F 1528 1.892 0.170 0.345 0.557 6.546 0.011

N × M 21,056 1.158 0.314 17.229 <0.0001 5.964 0.003

F × M 21,056 1.919 0.147 1.994 0.137 0.140 0.869

N × Y 2528 0.069 0.933 0.057 0.945 26.092 <0.0001

F × Y 2528 2.481 0.085 2.902 0.056 0.359 0.699

M × Y 41,056 31.092 <0.0001 1.906 0.107 5.604 0.0002

N × F × M 21,056 0.550 0.577 0.376 0.687 1.435 0.239

N × F × Y 2528 0.040 0.961 0.437 0.646 1.185 0.307

N × M × Y 41,056 6.368 <0.0001 0.961 0.428 13.737 <0.0001

F × M × Y 41,056 2.140 0.074 2.161 0.071 3.587 0.007

N × F × M × Y 41,056 0.617 0.650 0.337 0.853 2.065 0.083



1948  |   Journal of Ecology ZHAO et al.

(N × M × Y: p < 0.01, Table 2). The frequency of N addition significantly 
influenced the rates of species gain, loss and turnover and species 
similarity of the community (F × Y: p < 0.07, Table 2, Figure 4), but this 
interactive effect was only found in certain years (2019 and 2020) 
(F: p < 0.08 Tables S4 and S5). Rates of species gain, loss and turn-
over were negatively correlated with increasing N addition amount 
(Figure  4a–l); however, species similarity of community showed an 
opposite trend (Figure 4m–p). Low N addition frequency had greater 
effects on these four variables than high N addition frequency.

3.2  |  Effects of the total species gain and total 
species loss on variation in species richness

Total species gain and total species loss had a significantly nega-
tive relationship with N addition amounts over the entire growing 
season (Figure  5a; Table  3), and there was higher total species 
loss at high than at low frequency of N addition (F: p  =  0.022, 
Table 3, Figure 5a). Total species gain decreased more than total 
species loss with increasing N addition amount. For instance, 
total species gain decreased from 4.0 in N0 to 0.6 in N50, while 
total species loss only decreased from 0.8 in N0 to 0.1 in N50. We 
divided the coexisting species in the community into common 
and rare species based on the number of individuals in a quad-
rat. The proportion of species gain for rare species decreased, 
while that for common species increased with increasing N addi-
tion amounts in the entire growing season from June to August 
(Figure 4b). The proportion of species loss for rare species was 
higher at low N addition (<N5), while that for common species 
was higher at high N addition (>N5) (Figure 5c; Table 3). Further 
analysis showed that total species gain independently explained 
35% (2 N addition) and 37% (12 N addition) of the variance in 
peak species richness, whereas total species loss only indepen-
dently explained 2% (12 N addition) of the variance in peak spe-
cies richness (Figure S5).

3.3  |  Relationship between gain and loss of plant 
species and soil properties

Averaged over 3 years, total species gain and total species loss 
were negatively related to soil NH4

+-N concentration and soil 
NO3

−-N concentration but positively correlated to soil pH (Figure 
S6). Litter mass did not have a significant effect (p > 0.1) on total 
species gain and loss. As seen from results of the SEM, N enrich-
ment indirectly decreased total species gain via reduced soil pH 
and increased soil inorganic N (NO3

−-N) concentrations (Figure 6). 
Average total species loss was not directly affected by soil prop-
erties or N addition amount, but it was positively affected by av-
erage total species gain (Figure 6). N addition frequency directly 
affected total species loss.

4  |  DISCUSSION

We clearly demonstrated that both species gain and species loss 
during the growing season decreased significantly with increasing 
N addition amounts. The rates of species gain and loss were higher 
at high (12 times year−1) frequency than at low (2 times year−1) fre-
quency of the N addition only in certain years. Moreover, averaged 
over 3 years, suppression of total species gain overrode that of total 
species loss in determining species richness and consequently the 
population dynamics of the plant community that continued to re-
ceive N.

F I G U R E  3  Effects of amount and frequency of N addition on 
monthly species gain (Sgain, a), monthly species loss (Sloss, b) and 
monthly density of plant (c) during the growing seasons (June–
August) averaged from 2018 to 2020. Solid symbols denote 2 N 
addition year−1 and hollowed symbols denote 12 N addition year−1. 
Data are means of 30 replicates of each treatment ± SE.
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4.1  |  Effects of N addition amount on species 
gain and species loss in the community

After a decade N enrichment, species richness drastically decreased 
with increasing N addition amount in comparison to the baseline 
species richness prior to N treatment (Figure S7), which was ap-
parent even in May, which is the early stage of the growing sea-
son. Throughout the entire growing season, species richness varied 
significantly in different months among treatments, possibly due 
to effects of N treatment, phenology of plants and environmental 
fluctuations (Cleland et al.,  2007; Norghauer & Newbery,  2010; 
Veenendaal et al., 1996). To explore the underlying mechanisms of 
biodiversity loss in this grassland ecosystem, we investigated the 
seasonal changes of the species gain and loss for three consecutive 
years. We found that N addition significantly reduced species gain, 
which agrees with results from several previous germination studies 
on N addition (Roem et al., 2002; Zhong et al., 2019). The decrease 
in species gain with increasing N addition amounts may have been 
caused by a combination of several factors. First, N-induced changes 
in soil chemical conditions (pH and inorganic N concentrations) 
could mediate the response of species gain to N enrichment (Figure 
S8). These changes included a decrease in soil pH and increases 
in soil inorganic N concentrations that can inhibit seed germina-
tion (Boudell & Stromberg, 2015; Roem et al., 2002). Second, seed 
sources were limited, mainly due to reduced production of seeds by 
plants (Basto et al., 2015), increased microbial degradation of seeds 
with the decreasing soil C:N ratio (Davis, 2007) and aggravated tox-
icity of soil metal ions to seeds (Salemaa & Uotila, 2001). It should be 
noted that the timing of the field experiment is important in exam-
ining the effects of N addition on plant community dynamics. Our 

measurements were started after a decade of N addition treatment, 
but the response of species gain to N addition may have started 
much earlier in the experiment, particularly under high amounts of 
N addition. For example, decreased soil pH and increased soil inor-
ganic N concentrations under high amounts of N addition may have 
inhibited seed germination and survival of seedlings much earlier 
than when we began this study. From the same experiment, Zhang 
et al.  (2014) found that species richness gradually declined from 
2008 to 2014 with increasing amounts of N addition, mainly due to 
acidification of soils and increased NH4

+ toxicity.
Species loss also decreased with the increasing N. This is con-

sistent with our prediction, but it differs from the results of other 
previous studies. For example, Hautier et al. (2009) found that spe-
cies loss was greater due to amplified competition for light, resulting 
in reduction in species richness in grasslands (Hautier et al., 2009). 
However, we showed that species loss was small in the N addition 
treatments. Since only a few species were gained at high N, there was 
a potential for only a few species to be lost. The decrease in species 
gain and species loss further led to the decrease in species turnover 
rate with increasing of N addition amounts. This also explains the 
temporal increase in species similarity of community with increasing 
N addition amounts (Milbau et al., 2017). It has been suggested that 
the species turnover rate in response to N addition would increase 
in the steppe community (Xu et al., 2012). However, the study by Xu 
et al.  (2012) was focused on variations of interannual, and not the 
intra-annual, species turnover. Moreover, their study was short term 
in duration. Other studies showed that long nutrient enrichment 
resulted in delayed species replacement during succession (Carson 
& Barrett,  1988; McLendon & Redente,  1991), but most of such 
findings were based on theoretical models (Shugart & Hett, 1973) 

TA B L E  2  Results of repeated-measure mixed model ANOVA of N addition frequency (F), N addition amount (N), month (M), year (Y) and 
their interactions on the monthly species gain rate (Gp), species loss rate (Lp), species turnover rate (Tp) and community species similarity (SJ) 
during the growing season (June–August) in 2018–2020. Values in bold denote significance at p = 0.05

Fixed effect df

Gp Lp Tp SJ

F p F p F p F p

N 1528 53.549 <0.0001 57.188 <0.0001 62.463 <0.0001 89.560 <0.0001

F 1528 2.450 0.118 7.041 0.008 4.714 0.030 7.050 0.008

M 21,056 74.847 <0.0001 53.833 <0.0001 34.997 <0.0001 10.490 <0.0001

Y 2528 10.915 <0.0001 4.514 0.011 10.215 <0.0001 19.470 <0.0001

N × F 1528 4.992 0.026 0.223 0.637 3.398 0.066 9.260 0.003

N × M 21,056 8.376 0.0002 11.733 <0.0001 12.063 <0.0001 13.220 <0.0001

F × M 21,056 1.902 0.150 2.294 0.101 3.493 0.031 1.720 0.179

N × Y 2528 0.643 0.526 0.760 0.468 0.991 0.372 0.320 0.730

F × Y 2528 2.837 0.060 2.710 0.068 3.913 0.021 3.730 0.025

M × Y 41,056 24.048 <0.0001 2.431 0.046 20.051 <0.0001 4.650 0.001

N × F × M 21,056 0.338 0.713 0.354 0.702 0.709 0.492 0.630 0.533

N × F × Y 2528 0.740 0.478 0.224 0.800 0.354 0.702 2.040 0.132

N × M × Y 41,056 5.629 0.0002 0.961 0.428 4.604 0.001 4.750 0.001

F × M × Y 41,056 2.881 0.022 1.851 0.117 1.836 0.120 1.080 0.366

N × F × M × Y 41,056 4.708 0.001 0.293 0.883 4.655 0.001 5.320 0.0003
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or field studies without N addition (Inouye et al., 1987). Our results 
provided robust experimental evidence showing that the trade-off 
between species gain and loss is a major regulator of the dynamics 
of species turnover under N enrichment.

4.2  |  Effects of N addition frequency on species 
turnover in the community

We show for the first time that species turnover in the community 
during the growing season can depend not only on the amount of N 
added, but also on the frequency of N addition. Infrequent N addition 

suppressed species gain more than frequent N addition only in the 
early growing season. Infrequent N addition, which is usually imple-
mented during the growing season, will result in higher cation tox-
icity than frequent N addition involving multiple small N additions 
with some occurring during the non-growing season. As for frequent 
N additions, more N loss through ammonia volatilization, leaching, 
denitrification and microbial immobilization will weaken the N effect 
on community dynamics (Wang et al., 2019). Another reason for dif-
ferences between frequencies of N addition may be related to the 
seed source. We conducted a survey of plant sexual reproduction in 
the above-ground community in 2019 and found that more species 
reproduced in the frequent than infrequent N addition treatments, 

F I G U R E  4  Effects of amount and frequency of N addition on monthly species gain rate (Gp, a–d), species loss rate (Lp, e–h), species 
turnover rate (Tp, i–l) and species similarity of community (SJ, m–p) on average during the growing season (June–August) from 2018 to 
2020. Solid circles and solid lines denote 2 N addition year−1, open circles and dashed lines denote 12 N addition year−1. Data are means of 
30 replications of each treatment ± SE. In 2019, N addition amount* N addition frequency = 4.81* (species gain rate), N addition amount* 
N addition frequency = 7.36** (species similarity); in 2020, N addition amount* N addition frequency = 7.38** (species similarity); species 
similarity on average from 2018 to 2020, N addition amount* N addition frequency = 12.14**. There was no significant interaction for N 
addition amount and N addition frequency in Figure 3a–m.
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especially at high N addition (Figure S9). This difference in seed pro-
duction may result in higher species richness of the soil seed bank 
under high-frequency than under low-frequency N addition (Basto 
et al., 2015), which, in turn, affects subsequent species turnover. For 
the same reason, high species loss under high N addition amount and 
high frequency possibly can be explained by high mortality of new 
seedlings, which are intolerant to immediate nitrogen applications. 
Our findings suggested that previous fertilization studies involving 
pulsed (infrequent) N additions might have overestimated the nega-
tive effects of N deposition on species turnover in the real world 
(Foster & Gross, 1998; Kitajima & Tilman, 1996).

The frequency of N addition affects not only species gain and 
species loss, but also the rates of species gain, loss and turnover and 
species similarity of the community. There were higher rates of spe-
cies gain, loss and turnover and lower species similarity of commu-
nity at high than at low frequency of N addition in 2019 and 2020, 
but the frequency of N addition did not affect these indicators in 
2018. This difference between years may be related to the interan-
nual precipitation fluctuations. There was more precipitation during 
the growing season in 2019 and 2020 than in 2018 (Figure S2). High 
precipitation could alleviate the effects of soil moisture limitation 
on species gain (Michael Anderson, 2008). In years with insufficient 

F I G U R E  5  Effects of amount and frequency of N addition on total species gain (TSgain) and total species loss (TSloss) during the growing 
season (June–August) averaged across 2018–2020 (a). Proportion of gain of common and rare species (b) and proportion of loss of common 
and rare species averaged a year in 2018–2020 (c). Circles denote species gain, solid blue circles 2 N additions year−1 and solid red circles 12 
N addition year−1. Triangles denote species loss. Solid black triangles indicate 2 N additions year−1 and solid brown triangles 12 N addition 
year−1. Long dash lines denote common species and short dash lines denote rare species. Open circles denote the proportion of species gain, 
open triangles denote the proportion of species loss.
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precipitation, germination of seeds is hampered by low soil water, 
resulting in no difference under different frequency of N addition. 
Previous studies also suggested that turnover of species was co-
limited by both N and water in temperate grasslands in Northern 
China (Xu et al.,  2012). Our findings imply that precipitation may 
mediate the temporal responses of species to amount of N addition.

4.3  |  The relative importance of total species 
gain and total species loss on species richness 
in the community

Our findings suggested that total species gain, rather than total 
species loss, was the dominant factor accounting for the reduction 
of species richness at high N addition amounts. This finding is con-
sistent with the conclusion of other researchers who reported that 
the suppression of seed germination (Kitajima & Tilman,  1996) or 
impediment of emergence of seedlings (James et al., 2011), rather 
than plant survivorship, was the primary mechanism underlying de-
creased species richness in high-N plots. Decreased total species 
gain may be related to the decrease in proportion of species gain for 
the N-sensitive rare species under high N addition amounts (Lan & 
Bai, 2012; Su et al., 2021; Tian et al., 2016). This is congruous with 
the niche dimensionality hypothesis in that addition of a limiting re-
source (N) could reduce the niche dimension, leading to a decrease in 
species gain (Harpole & Tilman, 2007). In our experiment, stem den-
sity of L. chinensis was increased dramatically, especially at the high 
N addition amount treatment (Figure S10). L. chinensis, the dominant 
species in Eurasian steppe, is a clonal plant that can still reproduce 
via clonal growth under high nutrient availability (Bai et al., 2008; 
Fischer & Van Kleunen, 2001; Sun et al., 2001). It will monopolize 
the space and available resources (Prati & Schmid,  2000), making 
it difficult for other plant species, especially rare ones, to colonize.

The resource competition hypothesis and the mal-adaptation to 
soil toxicity hypothesis suggest that survival failure of the species 
that are already present could explain the decline in species diver-
sity (Hautier et al., 2009; van den Berg et al., 2005). However, the 
applicability of these two hypotheses may depend on the duration 
of experiment. Ecosystems may respond differently to short-term 
and long-term stresses (Eisenhauer et al.,  2012). In short-term N 
addition experiments (N addition <3 year), N-sensitive species may 
fail to become established due to light competition and/or under-
ground resource competition among plants and thus be eliminated 
(DeMalach et al., 2017; Niu et al., 2008; Salemaa & Uotila, 2001; van 
den Berg et al., 2005). In this case, the competition hypothesis holds 
true. However, in long-term N addition experiments (>10 years), 
N-sensitive species may have disappeared in the early years of the 
experiment (Phoenix et al.,  2012), particularly at extremely high 
levels of N addition. For example, about 50% of the species were 
already lost in 2013 (5 years after N treatment in our experiment) 
at the highest N addition amount (50 g N m−2  year−1) compared to 
the control (Zhang et al., 2014). Up to the time when we began this 
study, this number increased to about 60% (Figure S7).TA
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We found that the community consisted of a few common spe-
cies (Leymus chinensis, Stipa capillata and Agropyron cristatum) at high 
N addition amounts. The common species are nitrophilous and can 
tolerate low soil pH and cation toxicity (Guo et al., 2014; Tulloss & 
Cadenasso, 2016). Consequently, these species were successful in 
their establishment. In other words, with continuous N addition, 
the non-tolerant species will be filtered out, leaving only very few 
N-tolerant species in the community. This suggests that the mal-
adaptation to soil toxicity hypothesis may be applied to explain the 
biodiversity loss due to reduced species gain in ecosystems receiv-
ing long-term N enrichment.

5  |  CONCLUSIONS

In the 10th to 12th year of experimental N addition in an Inner 
Mongolian steppe ecosystem, both plant species gain and species 
loss decreased with increasing amounts of N addition, leading to low 
rates of species turnover at high N levels. The few species observed 
in the high N treatments were likely tolerant of high N levels and 
thus were unlikely to be lost, whereas it is likely that species losses 
under high N were more frequent in early years of the experiment. 
Our findings imply that the amelioration of soil properties such as 
alleviation of soil acidity may be a strategy to facilitate the restora-
tion of species-poor grassland ecosystems induced by high load of 
N deposition.
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