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Abstract
We conducted a 4-year temperature manipulation experiment in a Mongolian grassland to examine the effect of daytime 
and nighttime warming on grassland recovery after grazing exclusion. After constructing a livestock exclusion fence in the 
grassland, we established daytime and daytime-and-nighttime warming treatments within the fenced area by a combination 
of open-top chambers (OTC) and electric heaters. We measured the numbers of plants and aboveground biomass by species 
after recording percentage vegetation cover every summer for three warming treatments inside the fence—non-warming, 
daytime warming, and daytime-and-nighttime warming—and for the grassland outside of the fence. OTCs increased daytime 
temperature by about 2.0 °C, and heaters increased nighttime temperature by 0.9 °C during the growing period. Grazing 
exclusion had little effect on grassland biomass but reduced the abundance of poorly palatable species and modified plant 
community composition. Daytime warming decreased soil moisture and lowered aboveground biomass within the fenced 
grassland but had little effect on plant community composition. Nighttime warming lowered soil moisture further but its 
effects on grassland biomass and community composition were undetectable. We concluded that recovery of plant biomass 
in grasslands degraded by grazing would be lowered by future climate warming through soil drying. Because warming had 
little effect on the recovery of community composition, adverse effects of warming on grassland recovery might be offset 
by improving plant productivity through mitigation of soil drying by watering. Soil drying due to nighttime warming might 
have detectable effects on vegetation when warming persists for a long time.
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Introduction

When the UN Decade of Ecosystem Restoration was 
launched in 2021, there was an urgent need for restoration 
of degraded ecosystems globally. Arid regions cover about 
41% of global land area, and grasslands are a major biome 
in those regions (Millennium Ecosystem Assessment 2005). 
Most arid and semi-arid grasslands are used for pastoralism 
and some of them have been degraded by overgrazing. Graz-
ing usually decreases aboveground biomass and modifies 
plant community composition by having different effects on 
the growth and survival of plant species. In general, grazing 
increases the abundance of species that avoid grazing, such 
as short or prostrate plants, seed-bank-forming annuals, and 
plants unpalatable to livestock, as well as grazing-tolerant 
species like rhizomatous plants and plants with high com-
pensatory growth. In contrast, grazing decreases the abun-
dance of species poorly suited to avoid grazing or with a 
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low tolerance to grazing, such as tall plants, erect plants, 
perennials, palatable plants, tussock plants, and plants with 
low compensatory growth (Belsky 1992; Briske 1996; Dor-
rough et al. 2004; Diaz et al. 2007; Sasaki et al. 2008). Mod-
erate grazing intensity facilitates the coexistence of plant 
species and maximizes species diversity (the intermediate 
disturbance hypothesis, Grime 1973; Connell 1978), but 
species diversity is reduced by heavy grazing. The reduc-
tion in biomass or diversity of grassland plant communities 
due to heavy grazing is recognized as grassland degradation, 
and grazing exclusion has been suggested to be an effec-
tive measure to restore degraded grasslands. For example, a 
meta-analysis of 118 studies in China revealed that grazing 
exclusion improved aboveground biomass in terms of carbon 
content by on average 10.64 g  m−2  yr−1 across degraded 
grasslands in China, and the increase was larger in the first 
several years after grazing exclusion (Deng et al. 2017). In 
addition, grazing exclusion can increase species diversity 
and promote the return of some palatable species in arid and 
semi-arid grasslands (Yayneshet et al. 2009; Seymour et al. 
2010; Deng et al. 2014). The elucidation of the potential 
for and process of grassland recovery after grazing exclu-
sion can thus facilitate the sustainable utilization of arid and 
semi-arid grasslands for pastoralism and contribute to the 
management of the restoration of degraded grasslands.

Global warming can modify grassland recovery after 
grazing exclusion through its various effects on the growth 
of grassland plants. Many meta-analytical studies have 
reported that the response of aboveground biomass to warm-
ing is overall positive (Rustad et al. 2001; Lin et al. 2010; 
Wu et al. 2011; Lu et al. 2013; Wang et al. 2019), although 
there have been considerable variations in such responses 
across climatic regimes (Sasaki et al. 2023). For example, 
the enhancement of plant biomass due to warming is larger 
at higher latitudes or cooler regions (Rustad et al. 2001; Lin 
et al. 2010; Wang et al. 2019). But the enhancement is small 
in drier ecosystems, and even biomass reduction is observed, 
probably because of soil drying due to increased evapora-
tion (Shaver et al. 2009; Lin et al. 2010; Li et al. 2018). In 
addition, plant responses to warming have been shown to 
differ among plant functional types; biomass increase due to 
warming is larger in woody than in herbaceous species, and 
within herbaceous species, grass species exhibit larger bio-
mass increases than forbs (Lin et al. 2010; Liu et al. 2018) 
(but see also Wang et al. 2019, who reported a greater bio-
mass increase of forbs than of grasses) and the biomass of 
 C4 grasses can increase more than that of  C3 grasses (Mor-
gan et al. 2011). These various plant biomass responses to 
warming, coupled with the changes in grassland community 
composition associated with grazing exclusion, could cause 
complex effects on grassland biomass after grazing exclu-
sion. Moreover, warming has been shown to modify grass-
land community composition and species diversity (Shi et al. 

2015; Zhang et al. 2017; Piseddu et al. 2021). It is thus not 
simple to predict how warming will affect grassland recov-
ery after grazing exclusion, and experimental investigations 
of single and interactive effects of grazing exclusion and 
warming on grassland recovery are needed, as suggested in 
a recent study (Wu and Zhao 2024).

The global warming trend is known to be diurnally asym-
metric; night-time temperatures have risen more rapidly than 
daytime temperatures (Easterling et al. 1997; Alward et al. 
1999; Davy et al. 2017). However, it is unclear how the diur-
nally asymmetric warming affects grassland recovery after 
grazing exclusion. Nighttime warming has been shown to 
stimulate plant respiration and carbohydrate consumption, 
and it thereby induces a compensatory enhancement of pho-
tosynthesis during the daytime (Turnbull et al. 2002; Wan 
et al. 2009). As a result, production of plant biomass has 
been increased by nighttime warming in many cases (e.g., 
Cheesman and Winter 2013; Li et al. 2014; Yang et al. 2016; 
He and He 2020). Nighttime warming may thus facilitate 
grassland recovery after grazing exclusion, especially in 
terms of biomass. However, hemispheric analyses of his-
torical trends of temperature and satellite-derived vegetation 
indices have revealed that the response of vegetation volume 
to nighttime warming has been spatially heterogeneous and 
even negative in some locations (Peng et al. 2013; Ma et al. 
2022; Zhu et al. 2022). Moreover, the spatial heterogeneity 
has differed as a function of the statistical method applied to 
the analysis (Zhu et al. 2022). To predict grassland recovery 
under future warming conditions, it will thus be necessary to 
understand the underlying mechanisms that drive the warm-
ing response of grassland communities through field experi-
ments that involve manipulation of daytime and nighttime 
temperatures.

The present study involved a 4-year field manipulation of 
temperatures in a semi-arid Mongolian grassland to deter-
mine the effect of daytime and nighttime warming on grass-
land recovery after grazing exclusion. In Mongolia, grass-
lands cover approximately 75% of the land, and pastoralism 
(mainly nomadic) is one of the major industries (CIA World 
Factbook 2023). Most of the grasslands have therefore been 
subjected to grazing pressure from livestock. Shortly after 
constructing a livestock exclusion fence in a grassland, we 
installed open-top chambers (OTCs, small enclosures made 
from transparent panels) within the enclosed area to increase 
daytime temperatures. Electric heating wires were placed 
inside half of the OTCs to increase nighttime temperatures. 
We expected that daytime warming would cause soil dry-
ing and suppress grassland recovery in terms of biomass 
after grazing exclusion but that nighttime warming would 
partly mitigate the suppression. In addition, we expected 
that warming would modify the transition of the composi-
tion of the plant community in the grassland after grazing 
exclusion.
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Materials and methods

Study site

The experiment was conducted in a grassland of Bayan-
Unjuul sum (47°02.53′N, 105°57.00′E, elevation ~ 1210 m) 
and was located about 130 km southwest of Ulaanbaatar, 
the capital of Mongolia. The annual mean temperature and 
annual precipitation averaged over the past 20 years from 
1998 to 2017 recorded at a meteorological monitoring sta-
tion located approximately 350 m southeast of the study 
site were 0.2 °C and 163 mm, respectively. This region 
is categorized as semi-arid based on its aridity index 
(Nakano et al. 2020). In this region, the growing season 
usually begins in May and ends in September, and about 
85% of annual precipitation falls during that period.

We recorded the temperature at a height of 10 cm every 
hour at the study site during the experimental periods 
from 2018 to 2022. We obtained monthly precipitation 
data for this period from a meteorological station located 
approximately 350 m southeast of the study site. Monthly 
mean temperature at the study site was highest in July, 
and monthly precipitation was largest in August, except 
in 2021, when precipitation was highest in July (Fig. 1).

The study site is regularly grazed by large livestock herds 
dominated by goats and sheep, in addition to horses and 
cattle. The vegetation at the study site is composed mainly 
of perennial graminoids (Agropyron cristatum, Cleistogenes 
squarrosa, Stipa krylovii, and Carex spp.), perennial forbs 
(Artemisia adamsii and A. frigida), and annual forbs (Salsola 
collina, Chenopodium album, and C. acuminatum). Soils at 
the study site are classified as Kastanozems (FAO-UNESCO 
1974) with a calcic horizon more than 30 cm below the sur-
face (Dr. T. Endo, personal communication). Total C and N 
contents of the soils at depths of 0–15 cm near the study site 
are 7.57 and 0.88 mg  g–1, respectively, and soil pH values at 
depths of 0–10 cm are 6.6–6.9 (Kinugasa et al. 2012).

Warming experiment

Prior to the warming experiment, in mid-June 2018, a 
grassland within an approximately 120 m × 60 m area was 
fenced to enable recovery of the grassland. In mid-August, 
six non-warming control (C) plots, each within a regular 
hexagon with 99-cm sides, were arranged randomly within 
the fenced grassland. In the vicinity of each C plot, we 
arranged two plots with the same size as the C plot, one 
for daytime warming (O) and the other for daytime and 
nighttime warming (H).

Open-top chambers (OTCs) were placed within the O 
and H treatments to conduct daytime warming (Fig. 2a). 

Each OTC was an enclosure made from 5-mm-thick 
acrylic panels with metal frames and was able to increase 
the daytime temperature inside passively. The height of 
each OTC was 50 cm, and the bottom and top were hex-
agonal with sides of 99 and 64 cm, respectively. Because 
the acrylic panels of the OTC tilted inward and thereby 
intercepted rainfall, we considered the area of the regular 
hexagon with sides of 64 cm directly within the OTC as 
the experimental plot for either the W or H treatment. For 
the H treatment, an electric heating wire with a power of 
280 watts (DSFW-20; Dennetsu Sangyo, Nagano, Japan) 
was placed at 5 cm above the ground in the OTC, and the 

Fig. 1  Monthly mean air temperature at a height of 10  cm and 
monthly precipitation at the study site during the experiment. 
Because temperature loggers at the study site were no longer func-
tional after December 2021, subsequent air temperatures were esti-
mated from data obtained from the meteorological station near the 
research field
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heating wire was activated every day from 20:00 in the 
evening to 08:00 the next morning for nighttime warming.

From mid-August 2018, air temperature at a height of 
10 cm and soil temperature at a depth of 5 cm were recorded 
every hour for a C plot and adjacent O and H plots. From 
early August of 2019, air and soil temperature were also 
recorded for another C plot and adjacent O and H plots. 
Temperature data after mid-December 2021 to August 2022 
were unavailable because the batteries of the data loggers 
were not replaced in 2020 and 2021 because of the travel 
restrictions caused by the COVID-19 pandemic. Warming 
effects were computed as differences in temperature between 
either the O or H treatment and the C treatment.

From mid-August 2018, volumetric soil water content at 
a depth of 5 cm was measured every hour by a soil moisture 
sensor (EC-5; METER, Pullman, WA, USA) for the plots 

where temperature was monitored. From early August of 
2019, volumetric water content was also recorded for the 
plots where additional temperature monitoring was started.

Apart from the warming experiment, in mid-August, six 
2 m × 2 m plots were arranged outside the fence to record 
the grassland vegetation subject to grazing. Those six plots 
were placed along the fence at interval of ~ 20 m and were 
arranged 10 m away from the fence to avoid fencing effects 
on vegetation.

Vegetation survey

A vegetation survey was performed every summer (early to 
mid-August) from 2018 to 2022 for all 24 plots (18 for warm-
ing experiments and 6 for monitoring vegetation outside of 
the fence). During each vegetation survey, a 30 × 30 cm 
quadrat (30 cm × 46 cm for the warming experiment in 2022) 
was randomly selected in each plot, and a picture of each 
quadrat was taken from directly above to measure percentage 
ground cover by vegetation using image-analyzing software 
(ImageJ; NIH, Bethesda, MD, USA) (Schindelin et al. 2012). 
After recording the number of plants of each species in each 
quadrat, we used scissors to harvest plants at ground level by 
species. Harvested plants were dried at 70 °C for more than 
3 days and then weighed. Counting and harvesting of plants 
was not performed in 2020 and 2021 because of the travel 
restrictions caused by the COVID-19 pandemic.

Data analysis and statistical tests

We computed the exponential Shannon index (exp H′) and 
inverse Simpson index (1/D) for the vegetation data col-
lected in 2018, 2019, and 2022 to evaluate plant species 
diversity within each treatment. Those two indices are spe-
cial cases of the Hill diversity index: exp H′ is a diversity 
index that reduces the emphasis on rare species, and 1/D is 
a diversity index that emphasizes common species (Roswell 
et al. 2021). The two indices were calculated as follows:

where s is the number of species in a plot, and pi represents 
the proportion of the number of individuals of the ith species 
to the total number of individuals in that plot.

We calculated the Bray–Curtis dissimilarity index (BC) 
for all pairs of plots across treatments within each year to 
examine the changes in plant community composition due 
to warming and exclusion of grazers. The BC between plot 
j and k was calculated as follows:

(1)expH�
= exp

(

−Σ
s
i=1

pilnpi
)

(2)1∕D =
1

Σ
s
i=1

pi
2

Fig. 2  a Picture of the warming experiment and b diurnal changes 
of the temperature in non-warming and warming treatments aver-
aged over the period from August 2018 to November 2021. C, O, and 
H represent control, daytime warming, and daytime-and-nighttime 
warming treatments, respectively. The black band set inside the open-
top chamber (OTC) of the H treatment along the OTC panels is an 
electric heating wire for nighttime warming. The period shown by the 
thick black bars represents the time when warming was being pro-
vided by the heaters inside the OTCs of the H treatment
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where xji and xki are the number of individuals of the ith spe-
cies in plot j and in plot k, respectively. The differences in 
community composition among plots within each year were 
visualized by non-metric multidimensional scaling (NMDS) 
using the calculated BC values. Pearson’s correlation coef-
ficient between the scores on NMDS axis one or axis two 
and the number of plants were calculated for each species, 
and the magnitude of the correlations and the direction of 
the changes in the numbers of plants were overlaid on the 
NMDS plots as vectors.

We tested for differences of vegetation cover, above-
ground dry biomass, number of plants, and diversity indi-
ces among treatments within each year by a non-parametric 
Steel–Dwass multiple comparison test because the require-
ments of parametric tests for normality and homoscedas-
ticity of the data were not always met. The differences in 
community composition among treatments were tested by 
a pairwise permutational multivariate analysis of variance 
(PERMANOVA) based on BC values with 999 permuta-
tions followed by Bonferroni adjustment of P values. The 
Steel–Dwass multiple comparison tests were performed 
using the software JMP 7 (SAS Institute, Cary, NC, USA). 
NMDS and PERMANOVA were conducted on PRIMER 7 
with the PERMANOVA + add-on (PRIMER-e, Auckland, 
New Zealand).

Results

Temperature and soil moisture

The OTCs warmed the air inside the chambers during the 
daytime, and heating wires raised the nighttime tempera-
ture successfully (Fig. 2b). The warming effects achieved 
by OTCs and by OTCs with electric heaters were quantified 
by the temperature rise from C to O or to H treatments. The 
warming effects on air and soil temperature varied season-
ally (Table S1). Warming effects by O treatment on daily 
maximum temperature, a representative value of daytime 
temperature, during the growing period were about 2.0 
and 3.4 °C for air and soil, respectively, and those values 
were larger than the corresponding values during the non-
growing period (Table 1). Daily minimum temperatures of 
air and soil, which are representative values of nighttime 
temperatures, were increased by O treatment by about 0.6 
and 1.9 °C, respectively. The increases were enhanced by H 
treatment using electric heaters. Warming effects by heat-
ers in OTCs on nighttime temperature were quantified by 
the temperature rise from the O to H treatments and were 

(3)BC =

Σ
s
i=1

|

|

|

xji − xki
|

|

|

Σ
s
i=1

(

xji + xki
)

about 0.9 and 0.5 °C for air and soil, respectively, during the 
growing period. Daily mean air and soil temperatures dur-
ing the growing period were raised by O treatment by about 
1.0 and 2.3 °C, respectively, and by H treatment by 1.4 and 
2.8 °C, respectively.

Volumetric soil water content (VWC) at a depth of 5 cm 
varied on a small scale until June or July but fluctuated 
greatly after that until September or October (Fig. 3). During 
most of the time prior to June or July, VWC was highest in 
the C and lowest in the H treatments. During the period from 
July to October, VWC was often lowest in the C treatment.

Vegetation cover and aboveground biomass

Vegetation cover differed visibly among years and treat-
ments during the experimental period (Fig. S1). Percent 
vegetation cover varied among years and was lowest dur-
ing 2019 in all four treatments (Fig. 4). Percent vegetation 
cover did not differ among treatments during 2018, the first 
year of the experiment, but differences among treatments 
appeared in subsequent years; the vegetation cover of the O 
and H treatments was smaller than that of the C treatment, 
whereas the vegetation covers of the G and C treatments 
were similar with the exception of 2019, when the vegetation 
cover of G was larger than that of C. The difference in the 
vegetation covers of the O and H treatments was very small 
during all years.

Aboveground dry biomass changed from year to year 
and was lowest during 2019 for all four treatments (Fig. 5a). 
Aboveground dry biomass did not differ among treatments 
in 2018, the first year of the experiment. In 2019 and 2022, 
the C and G treatments had larger aboveground dry biomass 
than the O and H treatments, though the difference was not 
always statistically significant. A statistically significant 

Table 1  Warming effects (°C) of open-top chambers (daytime warm-
ing treatment, O) and of open-top chambers with heaters (daytime-
and-nighttime warming treatment, H) on daily maximum, minimum, 
and mean air and soil temperatures averaged over the growing period 
(May–September) and those averaged over the non-growing period 
(October–April)

Growing period (May–
Sept.)

Non-growing 
period (Oct.–Apr.)

O H O H

Air temperature
Daily max 2.00 2.25 0.78 1.41
Daily min 0.58 1.43 0.57 1.32
Daily mean 0.99 1.39 0.59 1.11
Soil temperature
Daily max 3.37 3.96 1.43 1.80
Daily min 1.86 2.33 0.21 0.70
Daily mean 2.34 2.79 0.78 1.19
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difference was not found between C and G, and between O 
and H. The percentage of annuals and perennials in above-
ground dry biomass varied yearly and differed among treat-
ments; annuals mostly disappeared in 2019, and perennials 
dominated in G during 2022, while annuals dominated in 
other treatments.

Aboveground dry biomass of annuals varied greatly 
among years and was nearly zero in 2019 (Fig. 5b). In 2018, 

the aboveground dry biomass of annuals did not differ signif-
icantly among treatments. In 2022, the aboveground dry bio-
mass of annuals was greater in the C treatment than the other 
three treatments, though the difference was statistically sig-
nificant only between the C and G treatments. Two species, 
Chenopodium acuminatum and Salsola collina, accounted 
for most of the aboveground dry biomass of annuals.

Aboveground dry biomass of perennials did not differ 
among treatments in 2018 and was larger in the G treatment 
than the other treatments in 2019 and 2022 (Fig. 5c). The 
dry biomass of perennials was lower in the O and H treat-
ments than the C treatments, though the differences were not 
statistically significant. Three species, Artemisia frigida, A. 
adamsii, and Cleistogenes squarrosa, accounted for most of 
the aboveground dry biomass of perennials. The percentage 
of perennial aboveground dry biomass accounted for by A. 
adamsii was very high in the G treatment in 2019 and 2022, 
78% and 71%, respectively.

The aboveground dry biomass of the two major annuals, 
C. acuminatum and S. collina, in the annual-dominated C, 
O, and H treatments did not differ among treatments in 2018 
(Fig. 6a). Warming tended to decrease the aboveground dry 
biomass of both species during 2019 and 2022, except for 
S. collina in the O treatment during 2022, but the effect of 
warming was not statistically significant (Fig. 6b, c). There 
were no significant differences among treatments in the 
number of plants of either species in 2018 (Fig. 6d). In 2019 
and 2022, warming decreased the number of plants of both 
species, except for S. collina in the O treatment during 2019, 
though none of the differences were statistically significant 
(Fig. 6e, f). There were no significant differences among 

Fig. 3  Daily average volumetric soil water content (VWC) at a depth 
of 5  cm in control (C), daytime warming (O), and daytime-and-
nighttime warming (H) treatments during the experiment from 2018 
to 2022. Because the accuracy of the measured VWCs is not guaran-
teed when the soil water is frozen, VWCs are shown for the months 
from April to October, during which monthly mean soil temperature 
exceeded 0 ºC

Fig. 4  Percentage ground cover by vegetation in early to mid-August 
in control (C), daytime warming (O), and daytime-and-nighttime 
warming (H) treatments, and in the grassland outside the exclusion 
fence (G) during the experiment from 2018 to 2022. Different low-
ercase letters above columns within each year indicate significant 
differences among treatments (Steel–Dwass multiple comparison 
test, P < 0.05). ns indicates that no significant differences were found 
among treatments. Error bars show SE (n = 6)
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treatments in the individual plant dry biomass of either spe-
cies in 2018 (Fig. 6g). Warming decreased the number of 
plants of both species in 2019 (Fig. 6h), but there was no 
clear effect of warming in 2022 (Fig. 6i).

Species diversity and community composition

We observed a total 18 species over the experimental period 
across all treatments (Table S1). The number of species 
observed in each treatment ranged from 10 to 12 in 2018, 
4 to 11 in 2019, and 6 to 12 in 2022. Species diversity in 

each treatment was quantified by two indices, the exponen-
tial Shannon index (exp H′) and the inverse Simpson index 
(1/D), which differed among treatments in similar ways 
(Table 2). Neither index differed among treatments in 2018 
and 2022, but in 2019 they were highest in the G treatment, 
lowest in the O and H treatments, and moderate in the C 
treatment. The difference between the G and either the O or 
H treatment was statistically significant.

The NMDS analysis provided a visualization of the simi-
larity of community composition among the experimental 
plots (Fig. 7). Polygons surrounding each of the four treat-
ments in the NMDS plots overlapped among treatments 
in 2018, except for the G and O treatments, and there was 
no statistically significant difference among treatments 
(Table 3). The polygons enclosing the G data were clearly 
separate from the other three polygons in 2019 and 2022. 
The differences were statistically significant between the G 
treatment and the other treatments with the exception of the 
G and C treatments in 2022. The C, O, and H treatments 
overlapped each other in 2019 and 2022, except for the C 
and H treatments in 2022. There was no statistically signifi-
cant difference among those three treatments in 2019 and 
2022.

The number of A. adamsii plants correlated strongly with 
both NMDS axes one and two in 2019 and 2022, and the 
directions of the vectors showing the changes in numbers of 
A. adamsii plants on the NMDS plane were almost contrary 
to the direction of the change in the position on the NMDS 
plane from the G treatment to grazing exclusion treatments 
in both years (Fig. 7). The number of C. acuminatum plants 
also correlated strongly with the NMDS axes in 2019 and 
2022, and the vector directions of C. acuminatum were the 
inverse to that of the shift in the position from C to O or H 
on the NMDS plane.

Discussion

Grazing exclusion did not significantly affect aboveground 
biomass (Figs. 4, 5a), but it increased the abundance of 
annuals and decreased that of perennials (Fig. 5b, c). 
Because a certain amount of aboveground biomass must 
have been consumed by grazers in the G treatment, our 
results indicate that grazing exclusion did not improve 
pasture productivity. The responses observed in our study 
were inconsistent with the general response of grassland 
biomass to grazing exclusion, that is, grazing exclusion 
improves grassland biomass and increases the abundance 
of perennials (Fırıncıoğlu et al. 2007; Sasaki et al. 2009; 
Yayneshet et al. 2009; Deng et al. 2017). The explanation 
may be that the duration of the grazing exclusion in our 
study was not long enough to detect the recovery of bio-
mass. Valone et al. (2002) have investigated the recovery 

Fig. 5  Aboveground dry biomass per unit ground area of a all plants, 
b annuals, and c perennials in control (C), daytime warming (O), and 
daytime-and-nighttime warming (H) treatments, and in the grassland 
outside of the exclusion fence (G) in early to mid-August of 2018, 
2019, and 2022. Different lowercase letters above columns indicate 
significant differences among treatments (Steel–Dwass multiple com-
parison test, P < 0.05). ns indicates that no statistically significant dif-
ferences were found among treatments. Error bars in a, b, and c show 
SE (n = 6) for the total dry biomass of all plants, annuals, and peren-
nials, respectively
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of vegetation in two fenced grasslands with grazing exclu-
sion for either 20 or 39 years and have reported that total 
vegetation cover was not changed because of grazing 
exclusion in either grassland, although the cover of per-
ennial grasses increased in the grassland where grazing 
was excluded for 39 years. A vegetation survey performed 
three years after the termination of that study revealed an 
increase of vegetative cover in the grassland where grazing 
was excluded for 39 years (Valone and Sauter 2005). The 
recovery of biomass and vegetation cover may therefore 
need 20 or more years of grazing exclusion to become 
detectable. Our grazing exclusion did not change grassland 
biomass but modified the composition of plant species. 
Grazing exclusion decreased the abundance of Artemisia 
adamsii (Figs. 5c, 7), a perennial with little palatability 

that has been recognized as an indicator of grassland deg-
radation in Mongolia (Kinugasa et al. 2019). Suppression 
of plants with little or no palatability in response to graz-
ing exclusion has often been observed in other studies 
(Adler and Morales 1999; Zhou et al. 2006; Sasaki et al. 
2007). In our study, this suppression by grazing exclusion 
changed the plant community composition in 2019 and 
2022 (Fig. 7), though species diversity was unchanged or 
decreased slightly (Table 2). The observed decrease of 
plants with little palatability by grazing exclusion, coupled 
with the changes in community composition, indicated 
that our grazing exclusion successfully promoted grass-
land recovery. Our experiment was therefore able to reveal 
the effect of daytime and nighttime warming on grassland 
recovery after grazing exclusion.

Fig. 6  Effect of warming on a–c aboveground dry biomass per unit 
ground area, d–f number of plants, and g–i aboveground dry biomass 
of individual plants of two annual species, C. acuminatum and S. col-
lina, in early to mid-August of 2018, 2019, and 2022. C, O, and H 
indicate control, daytime warming, and daytime-and-nighttime warm-

ing treatments, respectively. Different lowercase letters above col-
umns within each species indicate significant differences among treat-
ments (Steel–Dwass multiple comparison test, P < 0.05). ns indicates 
no significant difference. Error bars show SE (n = 6 for a–f, n = 5–6 
for g–i)
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The decrease of the biomass of grassland by daytime 
warming when grazers were excluded (Figs. 4, 5a) implied 
that the recovery of grassland biomass made possible by 
grazing exclusion would be suppressed by daytime warm-
ing in a semi-arid grassland in Mongolia. The decrease 
of grassland biomass by warming was attributed mainly 
to the decrease of annuals that comprised a large part of 
aboveground biomass. More than 70% of the decrease of 
aboveground biomass due to daytime warming in 2022 
was explained by the decrease of annuals (Fig. 5a, b). The 
decrease in the aboveground biomass of annuals resulted 
from a reduction of the number of plants and/or a decrease 
of the individual biomass of two dominant annuals, Cheno-
podium acuminatum and Salsola collina (Figs. 6, 7). These 
decreases of the biomass of annuals may have been caused 
by soil drying due to daytime warming during the early 
growing period prior to June or July (Fig. 3). Similar soil 
drying due to warming has commonly been found in most 
terrestrial ecosystems (Xu et al. 2013; Sasaki et al. 2023). In 
general, annuals can escape the effects of drought as seeds 
and in that way are able to cope with highly variable rainfall 
(Stafford Smith and McAllister 2008). The emergence and 
growth of annuals in dry grasslands are, therefore, strongly 
suppressed by low water availability (Hamilton et al. 1999; 
Kinugasa et al. 2012). Soil drying by daytime warming in 
spring and early summer thus caused the decrease of annuals 
and consequently grassland biomass in our study. This result 
was consistent with several recent meta-analyses that have 
shown no or negative effects of warming on plant biomass 
in arid and semi-arid grasslands (Li et al. 2018; Wang et al. 
2019). Furthermore, our results suggest that the decrease of 
plant biomass in semi-arid grasslands due to warming may 
be greater in grasslands dominated by annuals than those 
dominated by perennials. However, it should be noted that 
the negative effect of warming on emergence of annuals 

and on grassland biomass can be mitigated or exacerbated 
by changes in precipitation. In Mongolia, precipitation is 
expected to increase with global warming as a whole, but 
the precipitation change is expected to vary regionally and 
will even be negative in some regions (Sato et al. 2007; Oh 
et al. 2014).

Daytime warming did not modify the composition of 
the plant community when grazers were excluded (Fig. 7, 
Table 3). The community composition in both the daytime 
warming treatment and in the control differed from that out-
side the grazing exclusion fence. Moreover, the percentage 
contribution of A. adamsii to the aboveground biomass was 
very low in the daytime warming treatment and similar to 
the low contribution of A. adamsii to the aboveground bio-
mass in the fenced control versus outside the fence (Fig. 5c). 
These results indicated that daytime warming had little effect 
on the recovery of grassland palatability due to grazing 
exclusion. Unlike our results, diverse effects of warming on 
community composition have been reported in prior studies 
(Deutsch et al. 2011; Pfeifer-Meister et al. 2016; Yang et al. 
2016; Qin et al. 2023). Water availability has been suggested 
to be the factor that probably causes those diverse warming 
responses in community composition. Ronk et al. (2020), for 
example, have conducted warming experiments in Mongo-
lian grasslands and have found that changes in plant com-
munity composition due to warming are more obvious under 
wetter soil conditions. The duration of warming has also 
been suggested to cause the variations of warming effects 
on community composition. For example, warming did not 
clearly affect grassland plant community composition for 
the first several years but clearly changed community com-
position after three years in the study of Qin et al. (2023) 
and after seven years in the study of Shi et al. (2015). In 
our experimental field, however, long-term warming may 
not modify plant community composition, because drought 
is expected to increase with warming in central Mongolia, 
where our experimental field is located.

Effects of nighttime warming (i.e., the difference between 
the O and H treatments) were not obvious on either the 
amount of vegetation (Figs. 4, 5 and 6) or plant commu-
nity composition (Fig. 7, Table 3), though nighttime warm-
ing increased daily minimum air temperature during the 
growing period from May to September by an average of 
0.9 °C (Tables 1, S1). The results of several prior studies 
have been similar to ours: there has been no effect of night-
time warming on plant growth (Collins et al. 2017; Sasaki 
et al. 2022). A considerable number of studies, however, 
have reported positive effects of nighttime warming on plant 
growth (Alward et al. 1999; Wan et al. 2009; Li et al. 2014; 
Yang et al. 2016). It is unclear what causes such variations in 
plant responses to nighttime warming, but regional environ-
mental differences may contribute to the variations. Studies 
analyzing the relationship between past temperature trends 

Table 2  Exponential Shannon-Weiner index (exp H ′) and inverse 
Simpson index (1/D) for control (C), daytime warming (O), and day-
time-and-nighttime warming (H) treatments, and for the grassland 
outside of the exclusion fence (G) in 2018, 2019, and 2022. Different 
letters beside values within each year represent statistically significant 
differences among treatments (P < 0.05, Steel–Dwass multiple com-
parison test)

Year C O H G

Exp H ′
2018 3.52 3.94 3.95 4.66
2019 2.69 ab 2.14 b 2.01 b 3.77 a
2022 2.72 2.78 2.21 4.19
1/D
2018 2.53 3.21 3.23 3.81
2019 2.29 ab 1.83 b 1.71 b 3.07 a
2022 2.18 2.51 1.88 3.44
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and satellite-derived normalized difference vegetation index 
(NDVI) in the Northern Hemisphere have shown that the 
response of the amount of vegetation to nighttime warming 
varies regionally (Peng et al. 2013; Tan et al. 2015; Zheng 
et al. 2021). Peng et al. (2013) have further analyzed the 
contribution of regional environment factors such as mean 
annual temperature and annual precipitation to the response 
of the NDVI to increases of nighttime temperature, but their 
results were complicated, and the specific factor causing the 
regional variations of the NDVI responses was unclear. Fur-
ther studies will, therefore, be needed to clarify the factors 
that have caused the variations in plant responses to night-
time warming. In our study, nighttime warming lowered soil 
moisture (Fig. 3), but its effects on grassland biomass were 
undetectable. Similar soil drying due to nighttime warming 
has been observed in other studies (Xia et al. 2009; Collins 
et al. 2010). Soil drying due to nighttime warming might 
have detectable effects on vegetation when warming persists 
for a long time.

Soil moisture was lowered by warming treatments prior 
to June or July, but from mid-July through October, soil 
moisture was often lower in control plots than in warm-
ing treatments (Fig. 3). This difference may have been the 
result of greater water loss by transpiration in the control 
than in warming treatments because of the larger above-
ground biomass in the control plots from the middle to 
the latter part of the growing season (Fig. 5). A similar 
increase of soil moisture due to warming has been reported 
in several prior studies (Zavaleta et al. 2003; Wang et al. 
2011; Xu et al. 2013). Moreover, in an experiment in a 
California grassland, the acceleration of plant senescence 
due to warming may have decreased the amount of vegeta-
tion and thereby transpiration. Soil moisture may conse-
quently have been increased by warming (Zavaleta et al. 
2003). Because the amount of transpiration is known to be 
almost equivalent to that of evaporation in arid and semi-
arid grasslands (Sun et al. 2019), changes of the amount 
of vegetation could have large effects on evapotranspira-
tion and soil moisture. Our results along with those of 

prior studies indicate that warming can cause seasonally 
contrasting positive and negative effects on soil moisture 
in arid and semi-arid grasslands. The increase of soil mois-
ture from summer to autumn by warming that we observed 

Fig. 7  Non-metric multidimensional scaling ordination (NMDS) of 
community composition of all research plots in control (C), daytime 
warming (O), and daytime-and-nighttime warming (H) treatments, 
and in the grassland outside of the exclusion fence (G) in 2018, 2019, 
and 2022, based on the Bray–Curtis dissimilarity index of abundance 
data. Convex hull polygons delineate the four treatments. Overlaid 
vectors represent the direction toward which a species increases 
in number and the strength of the correlation of numbers of plants 
with axis one and two for each species. The vectors are shown for 
the species for which the magnitudes of the vectors ranged from first 
to third largest in each year. Aad, Cac, Car, Csq, Cst, and Sco repre-
sent A. adamsii, C. acuminatum, C. aristatum, C. squarrosa, Cara-
gana stenopylla, and S. collina, respectively. The 2D-Stress values 
represent the accuracy of the data representation in two-dimensional 
NMDS planes

▸
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in our study may be more beneficial for the growth of 
perennials than annuals.

In summary, grazing exclusion reduced the abundance 
of species with little palatability and changed community 
composition without affecting grassland biomass. Daytime 
warming did not affect community composition in the fenced 
grassland but lowered aboveground biomass and decreased 
soil moisture content. Nighttime warming further lowered 
soil moisture, but effects on biomass and community com-
position were undetectable. We therefore concluded that the 
recovery of grassland biomass after grazing exclusion will 
be diminished by the warmer climate of the future because 
of soil drying. Because warming had little effect on the 
recovery of community composition, the negative effect of 
warming on grassland recovery may be offset by an improve-
ment of plant productivity due to mitigation of soil drying 
by watering. Soil drying due to nighttime warming did not 
have detectable effects on vegetation, but its effect might 
become obvious when the warming persists for a long time.
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