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Abstract

Understanding the factors that regulate the functioning of our ecosystems in response to environmental changes can help to
maintain the stable provisioning of ecosystem services to mankind. This is especially relevant given the increased variability of
environmental conditions due to human activities. In particular, maintaining a stable production and plant biomass during the
growing season (intra-annual stability) despite pervasive and directional changes in temperature and precipitation through time
can help to secure food supply to wild animals, livestock, and humans. Here, we conducted a 29-year field observational study
in a temperate grassland to explore how the intra-annual stability of primary productivity is influenced by biotic and abiotic
variables through time. In particular, we analyzed the relationship of community biomass intra-annual stability with plant
diversity and seasonal distribution patterns of temperature and precipitation. We found that lower accumulated precipitation
between June and September during the 29-year investigated contributed to lower intra-annual community stability because
of a decrease in compensatory mechanisms among species (species asynchrony). Additionally, higher precipitation in July
contributed to higher intra-annual stability because higher species richness with higher precipitation led to higher average intra-
annual stability of all species in the community (species stability). In contrast, we found no evidence that temperature influenced
community intra-annual stability. Our results indicates that ongoing reduced seasonal precipitation leading to reduced intra-
annual stability in the temperate grassland, which has important theoretical significance for us to take active measures to deal

with climate change.
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Abstract:

Understanding the factors that regulate the functioning of our ecosystems in response to environmental
changes can help to maintain the stable provisioning of ecosystem services to mankind. This is especially



relevant given the increased variability of environmental conditions due to human activities. In particular,
maintaining a stable production and plant biomass during the growing season (intra-annual stability) despite
pervasive and directional changes in temperature and precipitation through time can help to secure food
supply to wild animals, livestock, and humans. Here, we conducted a 29-year field observational study in
a temperate grassland to explore how the intra-annual stability of primary productivity is influenced by
biotic and abiotic variables through time. In particular, we analyzed the relationship of community biomass
intra-annual stability with plant diversity and seasonal distribution patterns of temperature and precipi-
tation. We found that lower accumulated precipitation between June and September during the 29-year
investigated contributed to lower intra-annual community stability because of a decrease in compensatory
mechanisms among species (species asynchrony). Additionally, higher precipitation in July contributed to
higher intra-annual stability because higher species richness with higher precipitation led to higher average
intra-annual stability of all species in the community (species stability). In contrast, we found no evidence
that temperature influenced community intra-annual stability. Our results indicates that ongoing reduced
seasonal precipitation leading to reduced intra-annual stability in the temperate grassland, which has im-
portant theoretical significance for us to take active measures to deal with climate change.
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INTRODUCTION

Stability is one of the most fundamental and studied properties of an ecosystem (Hautier et al., 2014; Xu
et al., 2015; Ma et al., 2017). In particular, the stability of ecosystem primary productivity through time
gives us information about the ability of an ecosystem to provide reliable biomass despite environmental
fluctuations (Pimm, 1984; Jiang et al., 2009; Craven et al., 2018). Grasslands are one of the most widely
distributed ecosystems worldwide (Hayhé et al., 2014), providing not only key habitat for biodiversity but
also other important ecosystem functions and services to humanity (Toombs et al. 2010; Isbell et al. 2009).
Understanding the processes that influence the stability of grasslands’ productivity is a pressing issue in
ecology, especially given its vulnerability to anthropogenic and climatic changes (Ives and Carpenter, 2007).

Profound climate changes such as global warming and changes in precipitation patterns (Min et al., 2011;
Orlowsky et al., 2012; IPCC, 2013; Putnam et al., 2017) are affecting the diversity and functioning of
grassland ecosystems (Kardol et al., 2010). These changes in temperature and precipitation might be notably
stronger at the seasonal rather than annual scale (Donat et al., 2016; Zhang et al., 2018), suggesting that
the seasonal distribution patterns of temperature and precipitation may be the main driver of grassland
stability. However, previous studies have primarily focused on the stability of primary productivity measured
at one time during the growing season (usually at peak biomass production) each year over multiple years
(inter-annual stability). Hence, whether the seasonal distribution patterns of temperature and precipitation
affect the stability of productivity during the growing season (intra-annual stability) remains unknown. This
is important given that intra-annual stability governs secure food supply to wild animals, livestock, and
humans.

Previous studies in grasslands have shown that decreased precipitation in the early growing season results
in a decline in aboveground net primary productivity (ANPP) by delaying plant phenology and limiting leaf
expansion as well as reducing tillering, root range and microbial biomass carbon (De et al., 2012; Craine et
al., 2012; Robinson et al., 2013; Yang et al., 2016; Chen et al., 2020). Additionally, different plant functional
groups may respond differently to seasonal variability of temperature and precipitation based on differences
in their physiology and life history (Huenneke et al., 2002; Munson et al., 2014; Mulhouse et al., 2017). For
example, change in timing of maximum precipitation from summer to spring slightly favored C3 plants over
C, due to differences in C3 and C4 plant phenology in Colorado shortgrass prairie (Epstein et al., 1999).
Algorithmic analysis based on seasonal water availability showed that the relative biomass of Cs/Cy grasses
is determined by the allocation of effective water and temperature between Cggrasses and C4 grasses during
the growing season (Winslow et al., 2003). Decreased precipitation in the early growing season mainly results
in decreased ANPP of grass, whereas decreased precipitation in the late growing season primarily results in



decreased ANPP of perennial forbs (Zhang et al., 2020). A study of semi-arid grassland in Inner Mongolia,
China found that heavy rainfall in the late growing season reduced below-ground productivity and total
biomass, while heavy rainfall in the middle of the growing season increased COs exchanges (Li et al., 2019).
These changes in productivity through time may translate into lower stability of productivity in response
to climate change. However, to our knowledge, our study is the first to investigate whether the seasonal
variability of precipitation and temperature affects grassland ecosystem community intra-annual stability
(Grime et al., 2008).

Previous studies suggests that climate change affects community stability through multiple mechanisms (Ma
et al., 2017; Huang et al., 2020). First, a higher number of plant species usually results in a higher stability
of biomass production (Tilman et al. 2006, Hector et al. 2010). Thus, a reduction in plant diversity in
response to climate change may result in the reduction of stability (Campbell et al., 2011; Hautier et al.,
2014; Zhang et al., 2018). Second, community stability may be driven primarily by the stability of dominant
species and/or functional groups, especially when dominant species and/or functional groups account for a
considerable proportion of community biomass (Hillebrand et al., 2008; Huang et al., 2020; Ma et al., 2021).
Third, asynchronous dynamics among species may contribute largely to stabilizing community properties
against environmental changes (Loreau and de Mazancourt 2013; Valencia et al. 2020). Species asynchrony
usually increases with increasing species richness (Hector et al. 2010, Hautier et al. 2014). As a result, changes
in temperature and precipitation may affect community stability by changing asynchronous dynamics among
species which directly or indirectly are induced via changes in species richness (Hallett et al., 2014; Sasaki
et al., 2019, Hautier et al. 2020). To summarize, seasonal variations of temperature and precipitation may
affect community stability by changing species richness (Klein et al., 2004; Wilby et al., 2004; Arnone et al.,
2011), dominant species stability (Xu et al., 2015), functional group stability (Huang et al., 2020) and/or
species asynchrony (Zhang et al., 2018; Zhou et al., 2019).

Here, we collected long-term monthly data on community ANPP, community composition, species richness
and climate of a temperate grassland from 1981-2011 in northern China. The temperate grassland is dis-
tributed extensively throughout the arid-semiarid regions of Eurasia. Long-term monitoring can reveal the
long-term dynamic of plant communities in response to climate change, and the relationship between com-
munity stability with long-term climate change (Bai et al., 2004; Li et al., 2015; Zhou et al., 2019). We related
community intra-annual stability of ANPP with changes in seasonal distribution patterns of temperature and
precipitation as well as with plant diversity and community composition. Specifically, we explored the follo-
wing questions: (1) Does the seasonal distribution of temperature and precipitation affect the intra-annual
stability of community productivity? (2) Which mechanisms determine community intra-annual stability in
response to seasonal change in temperature and precipitation, species richness, species asynchrony, dominant
species stability or the stability of any specific functional group?

MATERIALS AND METHODS
2.1 Study site

The investigation was conducted at Inner Mongolia Grassland Ecosystem Research Station (IMGERS,
116.8°E, 43.5°N, 1179 m a.s.l.), which is located in a temperate grassland in the Inner Mongolia, China
(Fig. S1). The study site has a temperate continental climate. The long-term (1981-2011) mean annual tem-
perature (MAT) is 0.78, the mean monthly minimum temperature is -21.3 in January, and the mean monthly
maximum temperature is 19.3 in July. The annual precipitation (AP) is 330.1 mm, of which 85% falls in
the growing season (from May to September) (Fig. S2a, 2b). Over the period 1981-2011, MAT showed an
increasing trend with a rate of 0.06 year™, while AP fluctuated between 166.1 and 507 mm (Fig. S2a). The
meteorological data were collected from the IMGERS weather station, located approximately 9 km from the
study area. The study site is dominated by two perennial rhizome grasses, Agropyron cristatum and Leymus
chinensis , and two perennial bunchgrass species, Stipa grandis and Achnatherum sibiricum , which were
the most widely distributed species and accounted for 62.9% of the above-ground biomass. According to
Chinese classification, the soil type is chestnut soil, with an average bulk density of 1.29 g cm™ and a pH of
7.68 (Yuan et al., 2005).



2.2 Sample site design

The study site consists of a relatively flat and even area of 600 m by 300 m, fenced since 1979 to prevent
grazing by large animals (Li et al., 2015). In 1981, the area was separated into ten replicate blocks (60 m x
300 m each). Community aboveground biomass was surveyed in the middle of every month throughout the
growing season (from May to September) each year by clipping all plants within a 1 m x 1 m quadrat that
was randomly located within each block, over 1981-2011. After harvesting, all living vascular plants were
sorted into species, and oven-dried at 65 to a constant weight. Species richness was calculated as the total
number of species present in ten blocks in a year. All species were classified into five plant functional groups
primarily on the basis of life forms (Bai et al., 2004): perennial rhizome grass (PR), perennial bunchgrasses
(PB), perennial forbs (PF), shrubs and semi-shrubs (SS), and annuals and biennials (AB). Functional group
biomass was determined as the biomass sum of all the species in each functional group. Then, the proportion
of aboveground biomass of each functional group to the community total aboveground biomass was calculated
and used for the analysis of biomass complementarity among different functional groups (Bai et al., 2004).
Data on productivity and diversity were collected monthly between May and September over a period of 29
years from 1981 to 2011, excluding the missing data from the years 1995-1996 (Ma et al., 2010).

2.3 Climate data

Plant phenology and aboveground community biomass in the study region have been found to be affected by
growing season (May-September) and winter precipitation (January-April) as well as fluctuations in temper-
ature and precipitation during the growing season (Bai et al., 2004; Li et al., 2015; Li et al., 2019; Zhang et
al., 2020). So, the meteorological data for the present study were divided into the following meteorological
variables. Hence, we used 60 meteorological variables: (1) monthly mean temperature (Tontn) and monthly
precipitation (Pmontn) for January to September (i.e., 9 + 9 variables), (2) mean temperature and precipita-
tion for all possible two- to nine-month periods between January and September (Tionth-month; Pmonth-month )
(21 + 21 variables).

2.4 Statistical analysis

Community intra-annual biomass stability was calculated annually as u/c (Ma et al., 2017), where y is the
intra-annual (from May to September) temporal mean community biomass, and o is its standard deviation.
The dominant species (Leymus chinensis , Agropyron cristatum ,Achnatherum sibiricum and Stipa grandis
) and functional group biomass stability were calculated annually using the same method. A higher value of
community stability means a lower intra-annual variability of community biomass (Lehman et al., 2000).

Species asynchrony, which refers to the asynchronous response of species to environmental fluctuations
(Loreau et al., 2008), was calculated as:

pe=1-0%/ (S 1)

where ¢, is intra-annual species synchrony,o? and o; are the variance of intra-annual community biomass,
and the standard deviation of biomass of species/ in a plot with T species. Intra-annual species asynchrony
ranges between 0 and 1, higher values correspond to higher asynchronous dynamics between species within
the community is, and vice versa.

Simple linear regression was used to analyze the inter-annual variation of mean temperature and accumu-
lated precipitation for different distribution patterns, community biomass, relative biomass of functional
group/dominant species, community species richness, species richness of functional group, and intra-annual
biomass stability of community/dominant species/functional group, with the slope representing the rate of
change. Stepwise regression and correlation analysis were used to analyze the relationships between different
distribution patterns of mean temperature and accumulated precipitation with community biomass intra-
annual stability, relative biomass intra-annual stability of functional groups, and relative biomass/biomass
intra-annual stability of dominant species. Simple regression is used to analyze relationships between com-
munity biomass, functional groups biomass intra-annual stability, species richness, dominant species biomass



intra-annual stability, species asynchrony and community biomass intra-annual stability.

To address mechanisms determining community stability in response to different seasonal change patterns
in temperature and precipitation, structural equation modeling (SEM) was employed to estimate how cli-
matic factors (mean temperature and accumulated precipitation in each combination month) and biological
factors (community biomass, species richness, species asynchrony, functional groups intra-annual stability
and dominant species intra-annual stability) contribute to the intra-annual stability of community biomass.
Simple linear regression was used to check bivariate relationships between all the variables and filter the
variables available to ensure that the linear model was appropriate (Table S1). By testing for covariance,
we found that none of the climatic and biological factors showed significant covariance, so all the variables
were put into SEM for analysis (Table S2). Based on regression weight estimation, the initial model was
simplified and non-significant path and state variables were eliminated, and the final model contained only
statistically significant paths that could not be rejected (Table S3). Accuracy of the model was confirmed
using a Chi-squared test, the Akaike Information Criterion (AIC) and the root-mean-square errors of ap-
proximation (RMSEA). The model has a good fit when Chi-squared test x? > 0, P > 0.05, and RMSEA |[?]
0.05. Structural equation model analysis was performed by AMOS 22.0, and the SPSS 19.0 software package
was employed for all other tests.

RESULTS
3.1 Change in mean temperature and accumulated precipitation

During the period 1981-2011, the mean monthly temperature generally increased, especially in June (Tg),
July (T7) and September (Ty) (Fig. 1). Affected by the monthly mean temperature, the mean temperature
of different distribution patterns also increased with time. This was particularly the case for the periods
January-June (T;4), January-July (T1.7), May-September (T59) and June-September (Tsg) (Fig. 1). In
contrast, monthly accumulated precipitation did not show any trend though time, but fluctuated between
years. The accumulated precipitation from January to September (P1.9), June to September (Pg.9) showed
a decreasing trend from 1981 to 2011 (Fig. 1).

Precipitation (mm)
Temperature (°C)

5 ;»:.;ag




Fig. 1 Mean temperature and precipitation for each month and each two-nine month period between
January and September, for the study area in 1981-2011.

3.2 Inter-annual variation of community biomass, functional groups and dominant species
relative biomass and their relationship with climatic factors

The mean community biomass was 198.68 g m™ with a range between 124.61 and 310.10 g m™2, and showed
no significant trend through time (Fig. 2).
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Fig. 2 Mean growing season community biomass at the study site between 1981 and 2011 (n = 10, with
standard deviation)

The relative biomass of functional group PF decreased from 1981 to 2011 (Fig. 3c, P = 0.015; R? = 0.20).
The relative biomass of the other functional groups fluctuated inter-annually, but did not show any trend
through time (Fig. 3a-b, d-e). The relative biomass of the dominant species also fluctuated during the
observation period, but there was no significant trend through time (Fig. 3f).



G
60 + % 50 ;
:H'H } ’ }v a +'+‘§\ SO i‘}\*
30 X f K f = % % ‘
: s

: i

o \

5:; 5 : % ig\o " .
I: © . 90:{ﬂ —
5 '] L 70 —e
; ;ﬂ\. AL
o-i ! “/ﬂbog‘ o0 j: /'

®

2 . . . . . . . 30 . T : . . . .
1980 1584 1988 1992 1996 2000 2004 2008 2012 1980 1984 1988 1992 1996 2000 2004 2008 2012
Year

Fig. 3 Mean relative growing season biomass of the functional groups - (a) perennial rhizome grasses, (b)
perennial bunchgrasses,(c) perennial forbs, (d) shrubs and semi-shrubs, (e) annuals and biennials - and (f)
the dominant species at the study site between 1981 and 2011 (n = 10, with standard deviation). Asterisks
indicate significant changes in relative biomass (*Pj0.05).

Having analyzed all possible mean temperature and accumulative precipitation distribution patterns, we
found that the community biomass was positively correlated with P19 and P5.g, but negatively correlated
with T4g and Tg (Table 1). The relative biomass of functional group PR was negatively correlated with Py,
but positively correlated with Py_g, P4.g and T7. The relative biomass of functional group PB was negatively
correlated with P1_gand Pj5_g in the early growing season. The relative biomass of PF was positively correlated
with Pg.g, but negatively correlated with Tg.g. Pg had positive and negative relationships with the relative
biomass of functional group SS and dominant species, respectively. In addition, the relative biomass of
dominant species was negatively correlated with Pgg (Table 1).

Table 1 Climate factors retained in the stepwise regression of community biomass, functional groups relative
biomass, species richness, community intra-annual stability, functional groups biomass intra-annual stability

Biomass Biomass Biomass 1
Biomass/ Biomass/ Biomass/ intra- intra- intra- i
relative relative relative Species  Species  Species annual annual annual ¢
biomass biomass biomass richness richness richness stability stability stability s
Factors R P Factors R P Factors Factors R 1



Biomass

Biomass Biomass |

Biomass/ Biomass/ Biomass/ intra- intra- intra- i
relative relative relative Species  Species  Species annual annual annual &
biomass biomass biomass richness richness richness stability stability stability s
CommunitR;_g 0.446 0.017 P~ 0.493 0.008 Nsf Nsf Nsf I
P59 0.489 0.008 P59 0.528 0.004
Tysg - 0.027 Te.s - 0.011
0.417 0.482
Tg - 0.014 Tg - 0.006
0.460 0.522
PR Py - 0.006 T~ 0.405 0.040 Nsf Nsf
0.504
Pig 0.416 0.028
Py 0.456 0.015
T 0.418 0.033
PB Pig - 0.023 P 0.373 0.049 Ps Ps 0.383 (
0.427
P56 - 0.009 Py Py - (
0.485 0.394
Ps.o Ps_g 0.426 (
Tg Ts - (
0.404
Ts.9 Ts.9 - (
0.394
PF Pg.g 0.401 0.035 P~ 0.459 0.014 Py P 0.478 (
Te.s - 0.015 Pio 0.461 0.013 Ps.g Psg 0.504 (
0.472
P9 0.517 0.005 P 0.488 (
Tg - 0.007
0.517
Te.g - 0.022
0.446
SS Py 0.432 0.022 Nsf Nsf Nsf
AB Nsf Nsf Nsf Ps 0.430 0.022 P17 P17 0.409 (
P, 0.430 0.022 Py Py 0.412 (
P57 P57 0.446 (
Pe.7 Pg.7 0.440 (
Dominant Py - 0.017 Nsf Nsf Nsf Nsf Nsf Nsf
species 0.499
Ps.g - 0.038
0.394

Note: The table only shows the climate factors with significant relationship, and the blank element is

meaningless.

Abbreviations: no significant factors (Nsf ), perennial rhizome grass (PR), perennial bunchgrasses (PB),
perennial forbs (PF), shrubs and semi-shrubs (SS), and annuals and biennials (AB), accumulated precipita-
tion in March (P3), accumulated precipitation in April (P4), accumulated precipitation in May (Pj), accu-
mulated precipitation in July (P7), accumulated precipitation in September (Pg), accumulated precipitation
from January to June (Pji¢), accumulated precipitation from January to September (P1.9), accumulated
precipitation from April to June (P4g), accumulated precipitation from May to June (P5g), accumulated



precipitation from May to July (P5.7), accumulated precipitation from May to September (Ps.9), accumu-
lated precipitation from July to September (P7.g), accumulated precipitation from August to September
(Ps.9), mean temperature in March (T3), mean temperature in July (T7), mean temperature in August
(Tg), mean temperature from April to August (T4s), mean temperature from May to September (T5.9),
mean temperature from June to August (Tg.g), mean temperature from August to September (Tgg).

3.3 Species richness of communities and functional groups and their relationship with climate
factors

Community species richness ranged from 18 to 44 (mean 34), and declined through time (Fig. 4a; P = 0.001;
R? = 0.34). The average rate of loss of species richness was 4.5 species m 2decade™! during the period of
1981-2011. Similar to community species richness, species richness of functional group PF decreased during
the observation period (Fig. 4d; P = 0.003; R? = 0.29). In contrast, we found no trend of species richness
of functional groups PR, PB, SS, and AB through time (Fig. 4b-c, e-f). The average loss rate of species
richness of functional group PF was 3.7 species m~2decade !, community species richness was largely related
to the species richness of functional group PF (Fig. S3).
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Fig. 4 Changes in species richness of (a) community, (b) PR, (¢) PB, (d) PF, (e) SS, and (f) AB from
1981-2011. Asterisks indicate significant changes in species richness (*Pj0.05, **P < 0.01). Abbreviations:
perennial rhizome grass (PR), perennial bunchgrasses (PB), perennial forbs (PF), shrubs and semi-shrubs
(SS), and annuals and biennials (AB).

The dynamics of species richness were also related to climate factors (Table 1). The species richness of the
community and functional group PF were positively correlated with P7 and Pg.g, and negatively correlated
with Tg and Tg.7, respectively. In addition, a positive correlation was also observed between P9 and
species richness of functional group PF. The species richness of functional groups PR and PB were positively
correlated with T7 and Pr.g, respectively. Additionally, P5 and P; were positively correlated with species
richness of functional group AB. The species richness of functional group SS was not related to any of the
climate factors investigated.

3.4 Intra-annual community biomass stability and its relationship with climatic and biotic
factors

Intra-annual community stability of biomass (Fig. 5a; P = 0.009, R? = 0.23) and intra-annual species
asynchrony (Fig. 5h; P = 0.000, R2 = 0.51) tended to increase during the period 1981-2011. In contrast,
intra-annual biomass stability of the functional group PF trended to decrease (Fig. 5d; P = 0.001; R? = 0.35)
during the 29-year observation period. Intra-annual biomass stability of dominant species and functional
groups PR, PB, SS and AB showed no obvious change (Fig. 5b-c, e-g).



Intra-annual biomass stability of functional group PB was positively correlated with Pg and Pg.g, but nega-
tively correlated with P47, T's and T5.9. Intra-annual biomass stability of functional group PF was positively
correlated with P7, Pg.g and P7g. Intra-annual biomass stability of functional group AB was positively cor-
related with precipitation in the growing season, including P17, P47, P5.7 and Pg_7. In contrast, we didn’t
find correlation between climate factors and intra-annual stability of community biomass, functional groups
biomass of PR and SS, and dominant species biomass (Table 1).
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Fig. 5 Changes in intra-annual biomass stability of (a) community, (b) PR, (c¢) PB, (d)PF, (e) SS, (f)
AB, (g) dominant species and (h) intra-annual species asynchrony from 1981-2011.

Asterisks indicates significant changes in biomass stability (*P < 0.05, **P < 0.01).

Abbreviations: perennial rhizome grass (PR), perennial bunchgrasses (PB), perennial forbs (PF), shrubs
and semi-shrubs (SS), and annuals and biennials (AB).
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Linear regressions showed that intra-annual community biomass stability was positively correlated with
biomass stability of functional group PR (R? = 0.29, P = 0.004), dominant species stability (R? = 0.28,
P = 0.004), and species asynchrony (R? = 0.48, P < 0.001; Fig. 6a, h and i), while it was negatively
correlated with intra-annual biomass stability of functional group PF (R? = -0.19, P = 0.024; Fig. 6c).
In addition, no significant relationships between community intra-annual biomass stability and intra-annual
biomass stability of functional groups PB, SS and AB, species richness and community biomass were found
(Fig. 6b, d-g).
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Fig. 6 The community biomass intra-annual temporal stability in relation to (a) biomass intra-annual
stability of PR, (b) biomass intra-annual stability of PB, (c) biomass intra-annual stability of PF, (d) biomass
intra-annual stability of SS, (e) biomass intra-annual stability of AB, (f) community biomass, (g) species
richness, (h) dominant species intra-annual stability, and (i) intra-annual species asynchrony. Asterisks
indicates significant changes in biomass stability (*P < 0.05, **P < 0.01). Abbreviations: perennial rhizome
grass (PR), perennial bunchgrasses (PB), perennial forbs (PF), shrubs and semi-shrubs (SS), and annuals
and biennials (AB).

3.5 Effects of climatic and biotic factors on the intra-annual stability of community biomass

Consistent with simple regression results, SEM revealed that intra-annual species asynchrony, functional
group PR biomass intra-annual stability and dominant species intra-annual biomass stability contributed to
community intra-annual biomass stability (Fig. 7). Decreased accumulated amount of precipitation between
June and September (Pg_g) resulted in lower community intra-annual biomass stability by reducing species
asynchrony. Consistent with the results of simple regressions (Table 1), precipitation in July (P7) increased
species richness. Intra-annual biomass stability of functional group PF, which was negatively correlated with
community stability in simple regression model, was removed from SEM.
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change-drives-the-community-intra-annual-stability-of-a-temperate-grassland-by-altering-
species—asynchrony-in-inner-mongolia-china

Fig. 7 The structural equation model with the effects of meteorological and vegetation variables on the intra-
annual stability of community biomass. The red arrow represents a negative pathway, the blue arrows show
positive pathways, and the grey dashed arrows indicate nonsignificant pathways. Arrow width is proportional
to the strength of the relationship. Numbers adjacent to arrows are standardized path coefficients and
indicate the effect size of the relationship. The proportion of variance explained (R?) appears alongside
response variables in the model. *P < 0.05, **P < 0.01, ***P < 0.001; x2 = 17.05, P = 0.383; root-mean-
square error of approximation (RMSEA) = 0.05, P = 0.453; Akaike information criteria (AIC) =141.045.

DISCUSSION

Climate change, including increased temperature and variability in precipitation as well as changed distribu-
tion patterns of temperature or precipitation, have had an important impact on community composition and
species dynamics of the Inner Mongolia temperate grassland over the past several decades (Ma et al., 2010;
Zhang et al., 2020), which may affect the stability of community biomass. In our study, based on 29 years
of field observation data, we found that the functional group perennial rhizome grass biomass intra-annual
stability, dominant species intra-annual biomass stability and intra-annual species asynchrony contributed
to stabilize community intra-annual biomass. In addition, decreased accumulated precipitation from June to
September (Pg.g) decreased community intra-annual stability by reducing intra-annual species asynchrony.

Our findings are consistent with previous studies that have reported that temperate grasslands in Inner
Mongolia have experienced warming and drying over the past few decades (Ma et al., 2010; Li et al., 2015).
Notably, we found that seasonal temperature and precipitation changes were more pronounced than inter-
annual changes. However, we found no relationships between seasonal warming and community biomass
intra-annual stability, which is consistent with results of climate control experiments on temperate grassland
and alpine meadow (Ma et al., 2017; Yang et al., 2017). In contrast, we found evidence that decreased seasonal
precipitation affects the stability of community biomass. This is consistent with previous studies showing
that seasonal precipitation affects the community structure and productivity of grassland ecosystem (Bai et
al., 2004; Guo et al., 2012; Robinson et al., 2013; Chen et al., 2020; Zhang et al., 2020). Consistent with
previous reports, our results indicate that seasonal precipitation reduced community stability by reducing
species asynchrony (Xu et al., 2015; Ma et al., 2017).

Several field observations and theoretical models have suggested that community stability may increase with
increasing species richness (Jiang et al., 2009; Gross et al., 2014; Mougi et al., 2012). Our results are
consistent with the positive diversity-stability relationship often reported in experimental studies. In the
present study, although linear regression did not show a relationship between species richness and community
intra-annual stability (Fig. 6g), SEM showed that species richness indirectly contributed to community
intra-annual stability through a positive relationship between dominant species stability (Fig. 7). None
of the diversity-dependent stabilizing mechanisms, including overyielding (Fig. S4a), diversity-dependent
species asynchrony (Fig. S4b) and the portfolio effect (Fig. S4c), operated. In experiments manipulating
species diversity, overyielding (i.e., positive diversity-productivity relationships) often contributes to stabilize
community biomass through time (Cardinale et al., 2006; Gross et al., 2014). But productivity does not
necessarily increase with diversity in natural communities, especially in long-term observations like ours
(Adler et al., 2011; Grace et al., 2007). SEM results showed that precipitation in July (P7) could promote
community species richness, which is consistent with previous studies (Adler and Levine 2007; Cleland et al.,
2013). Increased precipitation benefits shallow-rooted species that are disadvantaged in dry soils, thereby
promoting species richness, especially in July when plant growth was strongest (Yang et al., 2011a). The
species richness of functional groups PB, PF and AB was also positively correlated with precipitation in July
(Table 1). In addition, seasonal warming (Tg and T4_g) negatively affected the species richness of community
and functional group PF (Table 1). We found a decreasing trend in community species richness during the
30-year fenced period (Fig. 4a), which may be attributed to the moderate disturbance hypothesis (i.e., under
fenced conditions, competition between species for resources increased, and rare species richness decreased,
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leading to a decrease in community species richness) (Herrero and Oesterheld 2018; Wang et al., 2020a). In
addition, the seasonal decrease in precipitation may be another reason for the decrease of community species
richness (Fig. 1) (Robertson et al., 2010; Adler and Levine 2007).

Ecosystems are largely controlled by the characteristics of the dominant species, i.e., the mass ratio hypothesis
(Grime, 1998), which may even constrain the effect of species diversity on biomass stability (Polley et al.,
2007). Many experimental studies have shown that when dominant species regulate community stability,
the diversity-stability relationship is weak or insignificant (Grime 1998; Grman et al., 2010; Wang et al.,
2020b). In our study, we found support that dominant species stability largely contributes to community
intra-annual stability (Sasaki et al., 2011; Wilsey et al., 2014; Xu et al., 2015). It is noteworthy that seasonal
climate warming and precipitation changes did not affect the dominant species stability (Table 1). In our
study area, the dominant species, two perennial rhizome grasses, Leymus chinensis and Agropyron cristatum
, and two perennial bunchgrass,Stipa grandis and Achnatherum sibiricum , account for 62.9% of community
above-ground biomass. Compared with the functional groups SS and AB with lower relative abundance,
the dominant species had greater biomass stability (Fig. 5). These species are relatively insensitive to
environmental changes, which may be related to their ability to obtain nutrients through a well-developed
root system, and they have higher plant height and larger specific leaf area, which allows them to get more
light (Yang et al., 2011b; Zhang et al., 2020). Although functional group PR and functional group PB plants
have greater access to resources, their seasonality in resource use is also evident (Table 1). The relative
biomass of functional group PR was positively correlated with cumulative precipitation through June, while
the opposite was true for functional group PB. This may be related to their life history, with functional
group PR tending to emerge earlier, having a larger leaf area and better access to water in the early part of
the growing season (Yang et al., 2011b; Zhang et al., 2018; Zhang et al., 2020).

Species asynchrony is a common feature of ecological communities (Gonzalez et al., 2009; Bluthgen et al.,
2016), and could be dependent on asynchronous species responses to environmental fluctuations (Ives et al.,
2007; Loreau et al., 2008). The biomass of each species changes through time, but the total biomass of
the community is retained due to the increase in biomass of some species compensating for the decrease in
biomass of other species (Ma et al., 2010; Douda et al., 2018). In our study, the community biomass did not
significantly vary over the 29 years investigated (Fig. 2), and species asynchrony determined the community
biomass stability to a great extent (Fig. 7). SEM analysis showed that precipitation from June to September
(Pg.9) weakened species asynchrony (Fig. 7), which is different from previous studies (Xu et al., 2015; Ma et
al., 2017; Chi et al., 2019). This may be related to the grassland’s seasonal water use strategy. Water is the
main limiting factor of productivity in arid and semi-arid grassland (Sala et al. 2012; Yiruhan et al., 2014),
it creates intense competition among species for water sources (Yang et al., 2011b). The non-dominant and
rare species in this study area are mainly perennial hybrid grasses and biennial plants, which mainly take
advantage of precipitation in the late growing season (July to September) (Table 1) (Bai et al., 2004; Li et al.,
2015; Zhang et al., 2020). Adequate moisture may reduce competition among species for water sources, with
both deep-rooted and shallow-rooted species preferring to utilize shallow soil water, especially in the late
growing season, when moisture promotes the productivity of flowering forbs and shallow-rooted annuals, such
as, Iris tenuifolia , Thalictrum petaloideum , Allium tenuissimum , Chenopodium aristatum , and Artemisia
sieversiana (Loreau and de Mazancourt 2013; Zhang et al., 2020). When there is more water in the growing
season from June to September, competition for water between species decreases and plants tend to grow in
sync, resulting in a decrease in asynchrony between species (Zhang et al., 2018; Wang et al., 2020b), as shown
by our SEM results (Fig. 7). In addition, there was a decreasing trend in accumulated precipitation from
June to September (Pgg) during the observation period 1981-2011 (Fig. 1), which may have contributed to
the negative relationship between the precipitation pattern and species asynchrony. Seasonal distribution of
precipitation may directly provide new evidence for precipitation and asynchronous dynamics.

An important finding of our study is that functional group biomass stability is also one of the important
contributors to community intra-annual stability. In simple linear regression, functional group PR biomass
stability was significantly positively correlated with community stability (Fig. 6a), while functional group
PF biomass stability was significantly negatively correlated with community stability (Fig. 6¢). However,
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in SEM, the negative effect of PF was excluded and only the positive effect of PR was retained (Fig. 7).
This may be due to the fact that PR had the highest biomass in the community (34.5%), while PF only
accounted for 14.9% of the community biomass. In addition, there were two PR species among the four
dominant species. PR was the dominant functional group in this study area, which stabilized community
productivity to a large extent. In contrast, functional group PF was mainly composed of secondary dominant
or rare species, which contributed relatively little to the stability of community biomass, so it could not be
considered as one of the main factors affecting the stability of community biomass.

Based on a long-term study spanning 29 years of observation, our study provides new empirical evidence for
ongoing reduced seasonal precipitation leading to reduced biomass intra-annual stability in the temperate
grassland in North China, which has important theoretical significance for us to take active measures to deal
with climate change.
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