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Warming can decrease feeding activity of soil organisms and affect biogeo-
chemical cycles. The ant Formica manchu is active on the nest surface and
prefers a hot, dry environment; therefore, warming may provide a favour-
able environment for its activities. We hypothesized that F. manchu benefit
from warming and mitigate the negative effects of warming on litter
decomposition. We examined the effects of ant nests (nest absence versus
nest presence) and warming (+1.3 and +2.3°C) on litter decomposition,
soil properties and the plant community in alpine grassland. Decomposition
stations with two mesh sizes were used to differentiate effects of microor-
ganisms (0.05 mm) and macroinvertebrates (1 cm) on decomposition. Ant
nests increased litter decomposition with and without macroinvertebrates
accessing the decomposition station when compared to plots without ant
nests. Only litter decomposition in ant nests with macroinvertebrates
having access to the decomposition station was not affected negatively by
warming. Plots with ant nests had greater soil carbon, nutrient contents
and plant growth than plots without ant nests, regardless of warming.
Our results suggest that ant nests maintain ecosystem processes and func-
tions under warming. Consequently, a management strategy in alpine
grasslands should include the protection of these ants and ant nests.

1. Introduction

Litter decomposition, driven by invertebrates and microorganisms, is important
for nutrient cycling in terrestrial ecosystems [1,2]. It also acts as a link between
above- and below-ground ecosystems by providing resources for soil organisms
and plant growth [3]. Climate warming is a main driving factor for ecosystem
processes and functions, as it affects litter decomposition by influencing the
feeding activity of ectothermic organisms [4,5]. For example, when precipitation
was sufficient, the decomposition activity of soil organisms increased with
warming because of increased metabolic demands [6,7]. Studies demonstrated
that warming could impede litter decomposition in alpine ecosystems because
it decreases soil water content [2,8]. However, most studies examined only how

© 2023 The Author(s) Published by the Royal Society. All rights reserved.
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microbial activity responded to climate warming, without
considering the responses of macroinvertebrates [6,9]. Due
to differences in physiology between microorganisms and
macroinvertebrates, their responses to warming are often
asynchronous, and the decomposition activity of macro-
invertebrates might be more sensitive to warming than that
of microorganisms [10,11]. More studies are warranted to com-
pare their responses to climate warming, as knowledge of the
effects of climate warming on ecosystem functions is important
for the conservation and management of alpine ecosystems.

Macroinvertebrates promote litter decomposition through
litter breakdown, metabolism and interactions with microor-
ganisms [12,13]. Some ecological engineers, such as termites
[14,15] and ants [16,17], have particularly strong impacts on
ecosystem processes and functions. Ants play a key role in
decomposition of organic matter, and this may explain the
greater soil nutrient contents in ant nests [18-20]. In addition,
greater microbial biomass and unique microorganisms
associated with high N content and cycling in ant nests
were also correlated with ecosystem function of ant nests
[21,22]. This is particularly important for alpine ecosystems
where plant growth is limited mainly by N, and conse-
quently, an increase in N can promote plant growth [23].
However, the role of ants in ecosystem processes and func-
tions has rarely been quantified [20,24]. Given the high
biomass and abundance of ants (biomass of ants exceeds
the combined biomass of wild birds and mammals) in
many ecosystems [25], a general knowledge of how ants
affect litter decomposition, soil nutrition pools and plant
community could improve our understanding of conserva-
tion of ants and insect biodiversity [1,26,27], and secure
sustainable functions of grassland ecosystems.

The effects of warming on feeding activity of ectothermic
organisms are usually complex because the magnitude and
directionality of the effects depend on the sensitivity to temp-
erature, tolerance to warming, and behaviour of ectothermic
organisms. Response of ants to warming is related to latitude
and elevation. For example, in areas where seasonality is pro-
nounced, ants in high latitudes and elevations are less
susceptible to the negative effect of warming than ants in tro-
pical regions [28,29]. With studies on the effect of warming,
Del Toro et al. [24] reported a decrease in feeding activity of
ants, litter decomposition and soil nutrition contents in ant
nests, whereas Diamond ef al. [30] reported an increase in
the abundance of heat-tolerant ants in the nests. However,
it is still unclear how warming affects the ecosystem functions
provided by ants [29].

The surface temperature of the Tibetan Plateau has
increased by 1.8°C over the past 50 years [31], a rate which
is faster than many other regions of the world, and this has
had an impact on the alpine ecosystem [32]. The Tibetan Pla-
teau has low soil moisture, and moisture limitation caused
by warming is an important inhibiting factor in litter
decomposition [7,8]. Therefore, in alpine ecosystems, warming
usually reduces water availability to limit the feeding activity
of soil organisms and litter decomposition, which may affect
soil nutrients and plant growth. Worker ants (Formica
manchu) forage on the nest surface, which is hotter and drier
than the surrounding soil surface, therefore, these ants may
be more adapted to a hot and dry environment than other
soil organisms. Solitary soil organisms are often affected nega-
tively by warming; however, ants are eusocial, and are less
affected or may even benefit from warming by thermally

buffering their nests and avoiding extreme temperatures be-
haviourally [29]. Thus, ecosystem processes provided by ants
may respond differently to warming from those provided by
other soil organisms.

Formica manchu is the dominant ant species and is distrib-
uted widely on the Tibetan Plateau, and builds its nest above
ground [33]. The wide distribution and aggressive behaviour
of F. manchu cause substantial soil turnover, which can pro-
vide new insights in the understanding of biogeochemical
cycles in response to warming in alpine ecosystems. How
ants regulate litter decomposition and ecosystem function
to enhance the robustness of the ecosystem under climate
warming is a key scientific issue for future management of
the alpine ecosystem. We carried out an in situ study with
ant nests and experimental warming to address the question:
do ants have the adaptability to alleviate the negative effect of
warming on ecosystem functions? The in situ study employed
meshes of different sizes to permit or deny macroinverte-
brates access to a decomposition station, which enabled us
to assess the effects of macroinvertebrates and soil microor-
ganisms on litter decomposition under warming. We
hypothesized that: (i) litter decomposition will be faster
with than without ant nests; (ii) since moisture is the key inhi-
biting factor on the Tibetan Plateau, warming will reduce
litter decomposition with the absence of ant nests, but due
to the high tolerance to warming and the nesting behaviour
of ants, litter decomposition will not be affected negatively
by warming with the presence of ant nests; and (iii) ant
nests will increase soil carbon, nutrients and plant growth,
and these effects will not be affected by warming. This
study will provide a better understanding of the effects of
ants on ecosystem functions, and the results will be helpful
in formulating management decisions to conserve the
sensitive alpine ecosystem.

This study was conducted in Maqin county, Qinghai province (34°
27'45" N, 100°12'37" E; 3738 m above sea level), southeast Tibetan
Plateau, China. We selected a typical plain meadow that had been
the subject of numerous studies [34,35]. The mean annual air
temperature ranges between —0.1°C and -1.2°C, and mean
annual rainfall, which occurs mainly from May to September,
ranges between 463 and 602 mm. The regional vegetation and
soil are alpine meadow. The dominant plant species are sedges,
including Kobresia humilis and K. pygmaea, and grasses, including
Elymus nutans, Poa crymophlia, P. pratensis and Festuca sinensis.

The site is characterized by numerous F. manchu ant nests
(figure 1). We surveyed the site prior to the study and recorded
61 F. manchu nests in 50 m x 50 m, and each ant nest covered an
area of 0.2-0.3 m? The main foraging range of the ants was
within a radius of 1 m around the ant nest.

We studied the effect of three temperature treatments (no
warming, NW; low warming, LW; and high warming, HW) in
areas with ant nests and without ant nests (figure 1). There
were 10 replicates per treatment, and a total of 60 treatment
plots: 2 areasx3 temperature treatmentsx 10 replicates of
each. Decomposition measurements were done in two seasons
and with two mesh sizes, which prevented or permitted macro-
invertebrates access to a decomposition station, and thus, there
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Figure 1. Study site in alpine grassland (a), ant nest (b), worker ants and litter on the nest (c), low warming treatment (d), high warming treatment (e), surface of ant
nest in cold season (f), surface of ant nest in warm season (g), decomposition stations of 1 cm mesh (h,i) and decomposition stations of 0.05 mm mesh ().

were 240 decomposition measurements. To avoid the influence
of ants on plots without ant nests, the distance between plots
with and without ant nests was at least 3 m (figure 1a).

Warming was started in August 2019 by using open top
chambers (OTCs; top edge = 60 cm, bottom edge = 95 cm, height =
40, 60 cm, coverage area = 2.3 m?; figure 1d,e), following the stan-
dard method described in the International Tundra Experiment
(ITEX) [36]. The gap between the bottom of the OTCs and the sur-
face was 5 cm (figure 1e), and therefore, the foraging activities of
ants were not restricted by the edges of the OTCs. The level of
warming was manipulated by adjusting the height of the OTCs
and keeping the top and bottom size unchanged [37]. Sensors
(PH-TWS, Xinpuhui Technology, Wuhan, China) were used to
monitor and record the soil surface (0-5 cm) temperature without
ant nests and soil temperature below the nest refuse pile with ant
nests from October 2019 to August 2020. The soil temperature
increased by an average of 1.59°C (LW) and 2.36°C (HW) without
ant nests (electronic supplementary material, figure Sla) and
1.02°C (LW) and 2.32°C (HW) with ant nests (electronic sup-
plementary material, figure S1b). Soil and vegetation were
sampled and surveyed in late August 2020.

(c) Decomposition measurement

Litter decomposition was measured in two seasons: (i) cold, from
October 2019 to May 2020 and (ii) warm, from May 2020 to late
August 2020. No forager ants were observed on an ant nest at the
beginning of the study in October 2019, which indicated that the
ants had entered the overwintering stage. Decomposition
stations were composed of polyvinylchloride (PVC) pipes (1 cm
mesh size) and nylon bags (0.05mm mesh size). The 1cm
mesh allowed all soil organisms while the 0.05 mm mesh
allowed only microorganisms to enter the decomposition station
[1]. In general, we followed the method used by Veldhuis ef al.
[14] in which the PVC pipes measured 10 cm in height and
10 cm in diameter, with four 1 cm holes at the bottom of the
pipe to allow ants and other macroinvertebrates to enter the
decomposition station (figure 1h). PVC pipes were installed
above the ground after removing all plants and litter, and ants
were found in the PVC pipe shortly after it was installed. The
top of the PVC pipe was covered with a 1-mm mesh to prevent
litter from entering (figure 1i). To compare the differences in
microbial-mediated litter between with and without ant nest
treatments, nylon mesh bags of 0.05 mm were used to allow
only microorganisms to enter (figure 1j), and the bags were

spread out above the ground in the without ant nest treatment
but under the nest refuse pile in the with ant nest treatment.

Two dominant Gramineae (E. nutans and P. crymophlia) were
used as substrates for decomposition. The degree of dominance
(importance value) of the plants was more than 25% in both the
plots with and without ant nests, and there was much gramineous
litter on the surface and inside the ant nest. Fresh grasses were col-
lected in August 2019, brought to the laboratory, dried at 65°C to a
constant mass, and stored. To facilitate the mixing of the litter, the
grasses were cut into 1 cm pieces and mixed thoroughly. The PVC
pipe (1 cm) and nylon mesh bag (0.05 mm) were filled with 6 g of
substrates (3+0.01 g E. nutans and 3+0.01g P. crymophlia) in
October 2019, and the remains were collected in May 2020, and
then re-filled with 6 g substrate and the remains were collected
in late August 2020. The collected litter was washed with clean
water and dried at 65°C to a constant mass. Fences were erected
around the warming and decomposition equipment to prevent
damage from large mammals such as yaks.

(d) Plant community survey and soil sampling

The plant community was surveyed in late August 2020, follow-
ing standard field vegetation survey methods [34]. Three
quadrats (0.25m x 0.25 m) were examined in each treatment
plot, and the three quadrats were combined for statistical analy-
sis. To maintain the integrity of the ant nests, we did not cut
plants to measure above-ground biomass.

In late August 2020, 3 soil core (diameter: 3 cm) samples, at a
depth of 0-10 cm, were collected in each treatment and combined
into one [35]. Soil was sampled from the area where plants grew in
the outer ring of the ant nest of plots with ant nests and random
areas of plots without ant nests. Soil pH was measured in deio-
nized water solution (soil:water=1:10) using an electrode (PB-
10, Sartorius, Géttingen, Germany). Soil total nitrogen (TN) was
determined by an organic elemental analyser (Vario EL III, Ele-
mentar, Langenselbold, Germany), soil organic carbon (SOC)
was measured by colorimetry with a mixture of sulfuric acid
and potassium dichromate, and soil nitrate nitrogen (NO; —N)
and ammonium nitrogen (NH; —N) were measured using a
flow analyser (Auto Analyzer 3, Evisa, Ludwigshafen, Germany).

(e) Data analysis and statistics
Decomposition rates were calculated as: % mass loss month™ =
(1 - (M:/Mp)) x 100/t, with M, the initial mass of litter, M; the
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mass of remaining litter after a given period t and t the incu-
bation time of litter in months. The Shannon-Wiener and
Simpson indices and richness were used to describe the diversity
of plant communities. Shannon-Wiener index (H) was calcula-
ted as: H=— Zle P; x (InP;), and the Simpson index (C)
as:C=1-Y; , P? where S=number of species in a sample
plot. The importance value of plants P; was calculated as [38]:
P; = Relative height x Relative coverage/2.

To test for plant composition differences between plots with
and without ant nests, non-metric multidimensional scaling was
used to ordinate dissimilarity plant community matrices in a
two-dimensional ordination space [39]. Two-way analysis of var-
iance and post hoc Tukey pairwise comparisons were used to test
the effects of mesh (0.05 mm and 1 cm) and season (cold and
warm season), and their interaction on litter decomposition. To
examine the impact of the warming treatments and the ant nest
presence on soil, vegetation and litter decomposition, we used
linear mixed effect models with the warming treatment, ant
nest and their interactions as fixed effects and measurement
plot as the random effect. To meet the assumptions of normality,
data were log-transformed. A p<0.05 was accepted as signifi-
cant, and Tukey’s test in the LSMEANS package was used to
make multiple comparisons [40].

To determine how ant nests/activity affect ecosystem func-
tions, we generated a piecewise structural equation model
(SEM) to analyse the effects of ant nest and warming on litter
decomposition, soil properties, plant growth and plant diversity.
In the piecewise SEM, we fitted multiple separate linear mixed
models with plot as a random factor. In the analysis, y* above
the significance level (p>0.05) indicated the model fits the
data and could be accepted. All statistical analyses and figures
used R software 4.1.1 with LSMEANS [40], piecewise SEM
[41], nlme [42], vegan [39] and Ime4 packages [43].

3. Results

(a) Effect of ant nest and warming on litter
decomposition

Decomposition rate was faster in the warm than the cold
season, regardless of the presence of ant nests (figure 24,b). In
the warm season, decomposition of substrate was significantly
greater with than without macroinvertebrates having access to
the decomposition station (figure 2a,b). Litter decomposition
with ant nests that denied access to macroinvertebrates was
199% and 141% greater than without ant nests in the cold
and warm seasons, respectively (figure 2c,e; table 1). At stations
which permitted access to macroinvertebrates, litter decompo-
sition with ant nests was 52% greater in the cold season and
170% greater in the warm season than without ant nests
(figure 24 f; table 1). In the cold season, warming significantly
increased litter decomposition that prevented macroinverte-
brate access (figure 2c; table 1). In the warm season, warming
significantly increased decomposition at stations which
permitted access to macroinvertebrates with ant nests, but
decreased decomposition at stations that denied access to
macroinvertebrates with ant nests (figure 2¢,f), and decreased
decomposition at stations which denied and permitted access
to macroinvertebrates without ant nests (figure 2e f; table 1).

(b) Effect of ant nest and warming on soil and

vegetation
The content of SOC, TN, NO; —N and NH{ —N with ant nests
increased by 156%, 77%, 274% and 252%, respectively, when

compared to plots without ant nest (figure 3a; table 1). The [ 4 |

height and coverage of grasses and the total coverage were
greater (p<0.05) with than without ant nests (figure 3g;
table 1). Plots with ant nests had lower richness, and Shannon
and Simpson diversities (figure 3a) than without ant nests, and
plant species composition differed between plots with and
without ant nests (figure 3b). The importance values of grass
species were greater (p <0.05), but of forbs were lesser (p <
0.05) in plots with than without ant nests (figure 3c). Ant
nests increased the soil nutrient pool and plant growth both
with and without warming, while warming had no effect on
the contribution of ant nests (figure 3a; table 1).

(c) Role of ants in ecosystem functions

We examined the potential pathways for ant nests to
influence ecosystem function by SEMs, and the pathways
presented in figure 4 were all significant (p <0.05). Ant
nests promoted litter decomposition with and without
access of macroinvertebrates to the decomposition station,
and increased the SOC and NH; —N indirectly. The increase
of decomposition with access of macroinvertebrates to
the decomposition station promoted SOC content, and the
increase of decomposition without access of macroinverte-
brates to the decomposition station promoted NHj—N
content. In forage production, ant nests/activity increased
the height of grasses directly and also indirectly by increasing
soil NH; —N content. In plant community diversity, ant
nests/activity decreased the Shannon diversity of plant com-
munities directly. Warming decreased decomposition at
stations which denied access to macroinvertebrates but
increased height of grasses.

4. Discussion

(a) Ant nest effects on ecosystem process
Microorganisms with ant nests decomposed litter faster than
without ant nests in both cold (199%) and warm (141%) sea-
sons. These marked differences might be related to the
interaction between ants and microorganisms. Ants move
litter to the nest, and the more suitable environment and
greater microbial biomass in the nest may promote litter
decomposition and nutrient cycling [13,14]. The present
study is the first to quantify the process in an alpine ecosys-
tem. In this way, ants produce a favourable environment in
the nests, and the interactions between ants and nest microor-
ganisms are beneficial for nutrient cycling in the grassland
ecosystem.

Ants affect soil turnover and resource removal directly,
and soil nutrient dynamics indirectly [18,20,24]. In one such
study, ants removed 61% of ground resources, while other
invertebrates removed the remaining 39% [20]. In the present
study, when all soil organisms were involved in litter
decomposition, ant nests increased litter decomposition by
52% in the cold season and 170% in the warm seasons. The
increased litter decomposition not only affected nutrient
cycling, but also reduced the accumulation of litter on the
ground and increased the penetration of photosynthetically
active radiation and, hence, promoted plant growth [44].
We believe that these effects were caused mainly by ants.
Although there were other macroinvertebrates in ant nests
(e.g. Platyrhopalopsis spp., Heteropaussus spp., Staphylinidae
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Figure 2. The effect of mesh size that permits access (0.05 mm) or denies access (1 cm) to macroinvertebrates to decomposition stations on litter decomposition at
plots without (a) and with (b) ant nests in different seasons (cold and warm). Effects of ant nest and warming on litter decomposition in each mesh size (ce:
decomposition at 0.05 mm; d,f: decomposition at 1 cm). Bars represent means + s.e. In (a,b), *p < 0.05 (between mesh sizes), capital letters represent significant
differences between seasons (p < 0.05). In (c—f), *p < 0.05 (between warming levels with and without ant nests; multiple comparisons in linear mixed model),
capital letters represent significant differences between with and without ant nests (p < 0.05).

and Myrmecophilidae), their abundance was very low com-
pared to ants, and therefore, we reasoned that it was
unlikely that they caused such a large impact. Due to the
large difference in decomposition capacity between ants
and other soil organisms, the contribution of ants could not
be compensated by other soil organisms [20]. This also high-
lights the importance of the protection of ants and ant nests.

(b) The response of ecosystem process to warming

In the litter decomposition mediated only by microorganisms,
warming increased litter decomposition in the cold season, but
decreased litter decomposition in the warm season. Warming
in the alpine ecosystem usually mitigates temperature limit-
ation of microbial activity [45]. The decrease of microbial
activity in the warm season may be due to the increase in eva-
potranspiration and the decrease of water availability,
especially in OTC warming experiments, as OTC warming is
more likely to cause a greater decrease in air and soil moisture

than an electric heater [2,8]. Ants can create optimal
environments for decomposition, which is vital for nest micro-
organisms as they are vulnerable to external disturbances, such
as high temperature and low moisture in the warm season [14].
But in the present study, nest microorganisms were still
affected negatively by warming in the warm season. Perhaps
the short time of warming in this study did not allow the
ants to respond fully to the effects of warming on nest micro-
organisms, such as building deeper nests to protect nest
microorganisms from extreme temperatures.

Our results demonstrated that ants appeared to be more
active in the warm environment than other soil organisms.
In the warm season, the decomposition of substrate
decreased without ant nests but increased with ant nests
under warming treatment when macroinvertebrates had
access to the decomposition station. The negative effect of
warming on litter decomposition was mitigated when ants
had access to the decomposition station in plots with ant
nests. In the warm season, temperatures can be extremely
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Table 1. Linear mixed model for the effects of ant nest and warming on soil, vegetation and litter decomposition. Significant differences are in italics  [J}

(p <0.05).
ant nest
F value p-value
soil
soil organic carbon 223.50 <0.001
total nitrbgen 5868 ‘ <0.001
NO; —N 245.73 <0.001
NH,” —N 184.34 <0.001
pH 0.18 0.67
bvege‘ta‘tidn . AR Rt
coverage (grass) 229.01 <0.001
» height (grasS) » » 245.47 ‘ <0.007
coverage (total) 19.44 <0.001
richness 5867 <0001
Shannon 92.85 <0.001
"~ Simpson: 11590  <0.007

litter decomposition
decomposition without macroinvertebrates

cold season 1620.98 <0.001
warm season 32590 <0.001
decomposition with macroinvertebrates
bc>olbd bseason . 5391 <0.001
warm season 761.08 <0.001

high with a concomitant decrease in water availability under
climate warming [6]. In contrast with other soil organisms in
plots without ant nests, ants collected litter on the nest
surface at high temperature and low humidity, which indi-
cated that ants are better adapted to a hot, dry environment
than other soil organisms, so they tend to be more active
under climate warming. When the temperatures are very
high under climate warming, ants can cope by thermally buf-
fering their nests or behaviourally by avoidance [29]. A
mesocosm study reported that warming by 3.5 and 5.0°C
inhibited litter decomposition by ants [24]. This difference
between Del Toro et al. [24] and the current study may be
due to the lower warming level and environmental differ-
ences between in situ and mesocosm studies. For example,
the shade from vegetation in the present study could
protect the ants from the negative effects of high temperature
[5,46]. Furthermore, the present study site was located in a
high-altitude alpine ecosystem, where the differences in
air temperature and soil moisture between the cold and
warm seasons are large. Ants in this area are more likely to
benefit from warming because of their wide ecological
amplitude [28,29]. Consequently, ants can increase the litter
decomposition even when other soil organisms are affected
negatively by warming.

In the cold season, warming increased decomposition of
substrate in plots with ant nests when ants had access to
the decomposition station, albeit the difference was not
significant. Previous studies demonstrated a strong link
between the timing of arthropod activity and snowmelt in

24.51

13.013 <0.007 27.82

warming ant nest X warming

F value F value

AT

p-value

035 071 0.16 085
0.3 07 02 0.80
007 082 032 051
0.2 082 008 077

<0.007 3.48 <0.05
072 049 176 018

504 <001 031 018
085 043 007 093
8 o7 229 om
154 02 3.07 0.05
06 05 258 0.09
5.58 <0071 105 036
8.38 <0.001 141 0.5
118 032 5.03 <01

<0.001

alpine ecosystems under warming [47]. We reasoned that
this may have been due to earlier foraging time of ants
under the warming treatment [48], because the dispersion
of data points increased in LW and HW, but most of the
decomposition values were similar among NW, LW and
HW treatments (figure 2d). Further studies are warranted
to understand the effect of warming on the activity time of
ants on the Tibetan Plateau.

(c) Ant nests and warming effects on ecosystem
functions

Ant nests are often considered as fertility islands and hot-
spots of nutrient cycling [16]. Given the high biomass and
abundance of ants in ecosystems [25], they have a substantial
impact on ecosystem functions [29]. The present study
demonstrated that the nest/activity of the ant, F. manchu,
increased SOC, TN, NH; —N and NO; —N by promoting
litter decomposition. The nest area was nutrient-rich and pro-
moted the growth of palatable grass species, as was reported
in other studies [49,50]. We reason that the better growth of
grass species near ant nests may be related to the greater
nutrient pool (especially N and available N contents) in ant
nests (figure 4), since plant growth is limited mainly by N
in alpine ecosystems [23]. More grass biomass increases the
accumulation and decomposition of litter in the ant nest,
and therefore, ant nests become hotspots for C and nutrient
cycling. In addition, the present study demonstrated that
the effects of ant nest/activity on soil and vegetation were
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Figure 3. The effect of ant nests (ant nests/without ant nest means + s.e.) on soil and vegetation variables at different warming levels (a). Treatments include
control no warming, control low warming, control high warming, ant nest no warming, ant nest low warming and ant nest high warming. According to the results
of multiple comparisons in linear mixed model, asterisk represents a significant increase (the ratio > 1) or decrease (the ratio < 1) with ant nests at different
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nests (blue dots) (b). Effect of ant nest on importance value of grass species and forb species (c). Bars represent means + s.e. *p < 0.05 (paired t-test) between

with and without ant nests.

not affected by warming. This suggests that ecosystem func-
tions linked to ant nest/activity will likely be stable under
future climate warming. As F. manchu are distributed
widely on the Tibetan Plateau [33], these effects may have
important impacts over large areas.

Ant activity reduced the diversity of the plant community,
but altered the species composition, with more grasses and
fewer forbs near the ant nests. The nests increased the habitat
heterogeneity, which was also reported in a previous study
[17]. According to the habitat heterogeneity hypothesis, an
increase in habitat heterogeneity enables different species to
coexist and increase the biodiversity by increasing the niche
dimensionality [51]. Ant activity increased habitat heterogen-
eity to support the coexistence of more species (such as nest
microorganisms) and increased biodiversity [21], which ulti-
mately promoted soil nutrient pools and plant growth.
Ants select and transport specific seeds [50], and as a

result, these plants are dominant around the ant nest [52],
which could explain our observations.

(d) Asynchrony of ants and nest microorganisms in
response to warming

In the warm season, in plots with ant nests, warming
increased litter decomposition with ants but reduced litter
decomposition with only microorganisms. The difference in
responses indicated that the interaction between ants and
nest microorganisms could be affected by warming. Ants
build nests, which create a favourable environment for micro-
organisms, and transport large amounts of litter to the nests
for microbial decomposition, which demonstrates the close
relationship between ants and nest microorganisms [13].
Since ants were not affected negatively by warming, it is
possible that in long-term warming treatment, ants build
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the model is consistent with the data.
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larger and deeper nests to protect microorganisms from the
negative effects of warming [24], as biological regulation is
one of the important functions of ants in ecosystems [13].

Many studies have reported the different role of insects in
ecosystem functions [4,16], and their worldwide decline
under climate change [53]. There are few studies that exam-
ined the warming effects on ecosystem function provided
by the ants [29]. The present study addressed the role of
ants in maintaining ecosystem processes and functions
under warming (figure 5). Ants play a key role in nutrient
cycling and in increasing the growth of palatable grass
species under climate warming, which is beneficial to grass-
land ecosystems because it mitigates nitrogen limitation of
plant growth and increases grassland carrying capacity on
the Tibetan Plateau. Warming provides a better and more
stable environment for the activity of ants and increase
their feeding activity to mitigate the negative effect of climate
warming on nutrient cycling in the alpine ecosystem
(figure 5). Although the current study demonstrated that
ants could mitigate some of the negative effects of warming
on ecosystem processes and functions, more research is still
warranted to further clarify the role of ants in climate warm-
ing, such as the interaction between ants and other
macroinvertebrates on a larger scale. The protection of ants
and ant nests should be considered in grassland management

options to cope with the impact of climate warming on the
alpine ecosystem.

All data are available in Dryad Digital Repository:
https://doi.org/10.5061/dryad.8gtht76tg [54].
Additional information is provided in electronic supplementary
material [55].
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