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1 | INTRODUCTION

Top-down and bottom-up processes have important effects on
ecosystem functions and properties. These processes and their
outcomes have been demonstrated in ecological studies (Knight
et al., 2005), but most examined living food webs (‘the green world’),
in which predators increased plant growth indirectly by reducing
the abundance and diversity of herbivores (Barnes et al., 2020).
Considering the effects caused by predators expected from classical
theories of trophic cascades, the top-down impacts of predators in
detritus-based food webs (‘the brown world’) may operate in an op-
posite pattern to that in living food webs (Hawlena et al., 2012). In
living food webs, the top-down effects of predators generally reduce
abundance and foraging of herbivores, thus promoting plant growth.
But in detritus-based food webs, the top-down effects of predators
may reduce the decomposition rate by detritivores, decelerate nu-
trient cycling and, thus, restrict plant growth (Wu et al., 2011). The
interaction between predators and detritivores in detrital food webs
and the impact of this interaction on ecosystem functions have been
largely ignored, while studies that examined these relationships
have reported equivocal results (Hawlena et al., 2012; Melguizo-
Ruiz et al., 2020). It is important to understand the cascading effects
of the top predator on food web structure and decomposition be-
cause decomposition is a key link between above- and below-ground
processes in terrestrial ecosystems (Freschet et al., 2013; Wardle
et al., 2004). Abiotic conditions can modulate the strength of top-
down effects in communities, and our experimental study was aimed
at identifying such effects across communities differing in diversity.

Climate warming is a common driver of the strength and fre-
quency of trophic interactions (Romero et al., 2018). Warming
can enhance ectotherm rates of metabolism, food consumption,
reproduction and foraging (Haye et al.,, 2020; O'Connor, 2009;
Thakur et al., 2018). Predation pressure has been hypothesized to
increase with warming due to increased predation activity (Romero
et al., 2018), which can lead to stronger top-down effects of pred-
ators (Hoekman, 2010). This should ultimately affect the function
of the lower prey trophic level (Figure 1a,b). It has been reported
that increased predation pressure reduced decomposition by detri-
tivores and, thus, limited nitrogen input and plant growth (Hawlena

4. Synthesis: We conclude that warming-induced increases in predator abundance
can reduce detritivores and decomposition through strong top-down effects, but
these effects appear confined to elevations with low arthropod diversity. Our
study provides a novel perspective on the factors shaping decomposition re-
sponses to warming. Large-scale field studies and mesocosm-based experiments

are warranted to assess the generality of this effect.

brown food web, ecosystem function, interspecific interaction, multi-trophic interactions,
predation pressure, top-down effect, vertical diversity

etal., 2012; Wu et al., 2011). However, an increase in predator abun-
dance can also, intriguingly, promote the abundance of detritivores
and their decomposition effects (Koltz et al., 2018; Melguizo-Ruiz
etal.,, 2020). The effects of predator-driven trophic cascades on eco-
system functioning may depend on environmental context factors,
such as water and resource availability, temperature, topography
and the complexity of the food web (Bradford et al., 2016; Koltz
et al., 2018; Melguizo-Ruiz et al., 2020; Romero et al., 2018; Wu
etal., 2014). Identifying the key factors that regulate trophic cascade
strength is, therefore, essential for improving our understanding of
how climate warming influences biogeochemical cycling.

The relationship between biodiversity and ecosystem function-
ing depends on diversity both within trophic levels (horizontal diver-
sity) and across trophic levels (vertical diversity, including predator
and omnivore diversity). The vertical diversity hypothesis states
that intraguild predation (IGP) can weaken the strength of trophic
cascades and strengthen the relationship between biodiversity and
ecosystem functions (Wang et al., 2019; Wang & Brose, 2018). In
food webs with complex interspecific relationships (high vertical di-
versity), a change in environmental factors may not influence spe-
cific trophic groups and their functions in simple, unidirectional ways
due to the complexity of food web pathways (Duffy et al., 2007,
Polis & Strong, 1996). When the richness and abundance of pred-
ators and omnivores are high, IGP among predators and interspe-
cific interactions between predators and omnivores can produce
antagonistic effects that reduce net predation pressure on the low
trophic levels (Holt & Polis, 1997; Melguizo-Ruiz et al., 2020; Polis
et al.,, 1989; Wu et al., 2011). Therefore, species diversity at higher
trophic levels may be one of the key factors regulating the strength
of trophic cascades (Figure 1c,d). Biodiversity-ecosystem function
experiments have typically demonstrated strong effects when vary-
ing low-diversity assemblages, but with saturation at high diversities
(Hagan et al., 2021). Variation in species diversity could exhibit par-
ticularly strong effects in biomes with overall low species richness,
such as alpine communities. Community structure in the alpine eco-
system is likely to be altered due to climate change, which can have
consequences for ecosystem functions (Koltz et al., 2018).

O'Gorman et al. (2023) concluded that trophic cascades may be
particularly strong under warming in ecosystems dominated by a
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single apex predator. We reasoned that cascades might be weak in
diverse predator assemblages, which have a large range of antago-
nistic effects (e.g. IGP and interference) that can suppress the con-
sumption of low trophic levels and decomposition (Figure 1). In this
study, we examined the role of warming and arthropod diversity in
driving decomposition at three sites along an elevational gradient
between 4650 and 5200 m above sea level (a.s.l.). We chose an open
rather than a caged design to enable the free movement of pred-
ators, and to allow avoidance responses of low trophic levels. We
hypothesized that (1) warming affects the abundance of detritivores
by influencing predator abundance and, thus, the strength of trophic
cascades (Figure 1a,b); (2) the effects of warming on detritivores
would cascade down to decomposition processes (Figure 1a,b); and
(3) at high arthropod diversity, the top-down effect of predators on
detritivores under warming would be weaker than at low arthropod
diversity, and decomposition would remain unchanged or would
even increase (Figure 1c,d).
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2 | MATERIALS AND METHODS

2.1 | Studyarea

The study was conducted on the southern slope of the Nyanging
Tanggula Mountain, in the central part of the Qinghai-Tibetan
Plateau. The average daily temperature in the region is 1.8°C, and
the annual rainfall is 479 mm. Rainfall and temperature increase from
May to September with distinct dry and wet seasons. The average
daily temperature increased by 1.6°C over the past 50years (Wang
etal., 2013).

The vegetation type between 4650 and 5210ma.s.l. is alpine
meadow, dominated by the sedge Kobresia pygmaea. The growth
of K. pygmaea is limited mainly by drought at the low elevation
(4650m), and by low air temperature at the high elevation (5200 m)
(Wang et al., 2013). In the growing season, vegetation coverage is
usually greater than 75%, maximum plant height is less than 10cm,
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FIGURE 1 Conceptual framework illustrating how vertical diversity affects the response of low trophic levels and ecosystem functions
to warming. Biodiversity can be characterized in two axes: Within a trophic level (horizontal diversity) and across trophic levels (vertical
diversity). Higher diversity of predators and omnivores in complex food webs increases vertical diversity to a greater extent than simple
food chains. In complex food webs, stronger intraguild predation and predator-omnivore interactions weaken the top-down effects of

high trophic levels on detritivores under warming, maintaining decomposition. Simple food chains lack omnivory and intraguild predation
under ambient temperature (a) and warming (b). Complex food webs with intraguild predation and omnivory are displayed under ambient
temperature (c) and warming (d). In (a) and (b), the simple food chains include a predator species (P,), a detritivore species (D,), and
substrates. In (c) and (d), the complex food webs include two predator species (P, and P,), two omnivore species (O, and O,), two detritivore
species (D, and D,), and substrates. The arrows indicate interspecific interactions, double-headed arrows indicate intraguild predation, and

darker, wider arrows indicate stronger interactions.
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and the height of the dominant species, K. pygmaea, is generally less
than 6cm. In 2006, three 20mx20m areas were fenced around
weather stations at 4650, 4950 and 5200 m to prevent damage from
livestock.

2.2 | Experimental design

Because of the homogeneity of vegetation on the Qinghai-Tibetan
Plateau, it is difficult to find sites with substantial biodiversity
differences at local scales (Figure Sla). However, biodiversity
usually changes with altitude (Zhao et al., 2018), and therefore,
we examined the effect of biodiversity at different altitudes. To
address the effects of temperature and moisture, we had an ad-
ditional low-diversity area at the highest elevation (5200m). As
altitude increases (4650-5200m), temperature and moisture
changes are linear (Figure S2), while diversity changes are uni-
modal (Wang et al., 2013). We examined the effects of two tem-
perature treatments (ambient temperature and warming) at three
altitudes (4650, 4950 and 5200 m). In total, 30 experimental plots
were established at three elevations: 2 temperature treatments
x 3 elevations x5 replicates=30 plots. The distance between
any two plots was at least 2m so that each plot was independent.
To closely mimic natural conditions, we did not fence the plots,
which enabled us to examine emigration and immigration, includ-
ing prey movement influenced by predators and predator move-
ment driven by warming. By allowing for these natural processes
to occur, our study differs from closed mesocosm experiments,
enabling us to better understand the effects of trophic interac-
tions in natural systems.

In December 2019, an open top chamber (OTC; top
edge=50cm, bottom edge=72.5cm, height=45cm, coverage
area=1.37m?; Figure S1b) was used for warming, following the
standard method described in the International Tundra Experiment
(Marion et al., 1997). The gap between the bottom of the OTCs
and the surface was 5cm, and the activities of arthropods were
not restricted by the edges of the OTCs (Figure S1b), at least in
the detrital food webs. Weather stations (HOBO H21-USB Micro
Station, Onset, Bourne, MA, USA) provided the near-surface air
temperature and air humidity at 10 cm above-ground level and soil
temperature at 5cm depth at the three elevations. The experimen-
tal warming was maintained for 12 months, from the beginning to
the end of the experiment. The OTCs increased the air tempera-
ture by 1.81°C, 1.87°C and 1.28°C and the soil temperature by
1.42°C, 1.37°C and 1.01°C at 4650, 4950 and 5200m, respec-
tively (Figure S2).

2.3 | Decomposition measurements
To minimize potential confounding effects from substrate quality

variation when measuring trophic cascades, we selected a single
plant species, K. pygmaea as the decomposition substrate. Kobresia

pygmaea is the most widespread species in alpine meadow eco-
systems, making it a suitable representative for generalizing de-
composition processes across alpine meadow ecosystems (Miehe
et al., 2019). Leaf litter and roots of K. pygmaea were collected in
December 2019, cleaned with water, oven-dried at 65°C to a con-
stant weight and stored at -20°C until decomposition measure-
ments. Nylon mesh bags (10cmx 15cm) with three different mesh
sizes (Figure Sic) enabled us to distinguish three-sized decomposer
communities (small, medium and large), and quantify the arthropod
contribution to decomposition (Handa et al., 2014). Nylon mesh bags
of 0.05mm allowed only microorganisms and a very few microfauna,
mesh bags of 1.0mm allowed mesofauna, and mesh bags of 5.0mm
allowed most fauna access to the decomposition station. Eight grams
of leaf litter and roots was placed in nylon mesh bags and was spread
out above the ground to measure litter decomposition (Figure Sic),
and nylon mesh bags containing roots were buried 0-5cm below
the surface to measure root decomposition (Figure S1d). The litter
bags were surrounded by PVC pipes to reduce the effect of wind,
and three holes at the bottom of the PVC pipes allowed arthro-
pod access (Figure Sic). The PVC pipes were placed vertically on
the ground surface without being inserted into the soil, and thus
did not interfere with subsurface water flow or rainfall infiltration.
Additionally, the openings at the bottom facilitated air circulation,
minimizing any potential effects on temperature and moisture con-
ditions inside the pipes.

Nylon mesh bags were placed in the fields during three distinct
incubation periods: Period 1 (cold season): 20 December 2019-20
June 2020; Period 2 (warm season): 20 June 2020-20 December
2020; and Period 3 (one whole year): 20 December 2019-20
December 2020. The same substrate, 8 g of leaf litter and roots, was
used in all three incubation periods to measure decomposition. After
the bags containing the substrate were collected, the leaf litter and
roots were cleaned, oven-dried at 65°C and weighed. A total of 540
samples (3 elevations x2 temperature treatments x3 mesh sizes
x 2 leaf litter and root x 3 incubation periods x5 replicates) were
weighed.

2.4 | Arthropod sampling and identification

We collected arthropods using substrate sifting and pitfall traps in
late June 2020, a time of rising air temperature, greening of vege-
tation and peak arthropod activity on the Qinghai-Tibetan Plateau
(Yin et al., 2023). After the litter bags were collected, the arthro-
pods in the 5-mm mesh-sized decomposition bags were collected
using Tullgren funnels for 72 h, preserved in alcohol, and brought
to the laboratory for identification (Macfadyen, 1961; Wise &
Lensing, 2019). In the alpine meadow, arthropods generally hiber-
nate in the soil with eggs or larvae in the cold season, so we did not
sample arthropods in the cold season. A pitfall trap, with a diam-
eter of 10cm, was placed in the centre of each treatment plot with
the lip of the cup flush with the soil surface for 10days. Each cup
had a side hole to prevent excessive rainfall from washing out the
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arthropods with overflow. Due to the limited height of the canopy
in alpine meadows that is typically less than 10 cm, there was mini-
mal accumulation of litter on the soil surface. Pitfall trap sampling
is consistent, passive, repeatable, causes little disturbance to the
environment and is commonly used to assess arthropod diversity
(Lange et al., 2011), especially for ground-dwelling species such
as beetles and spiders. In this study, since the canopy height of
the plant community was very low (<10cm), there was little accu-
mulation of litter. Most arthropods, except for adult Lepidoptera,
Diptera and Hymenoptera, foraged on the soil surface. Therefore,
pitfall traps were highly suitable for sampling arthropods at the
study site.

Most arthropods were identified to the genus or species level
using a microscope. For taxa that were difficult to identify, we con-
sulted experts who specialized in different arthropod groups. The
identified taxa were categorized into four trophic guilds (Table S1),
namely predators (e.g. spiders, centipedes and ground beetles), om-
nivores (e.g. ants and darkling beetles), detritivores (e.g. millipedes)

and herbivores (e.g. leaf beetles and true bugs).

2.5 | Plant community survey and soil property
measurement

We surveyed the plant community at the end of August 2020 ac-
cording to the standard field vegetation survey method (Luo
et al., 2023), which included the number of plant species, plant cov-
erage and plant height. Three random quadrats (0.25mx0.25m)
were examined in each plot, and the three quadrats were combined
for statistical analysis.

Following the vegetation sampling, three topsoil (0-10cm) and
three subsoil (10-20cm) samples were collected in each treatment
plot, and samples in each soil layer were combined in one sample
for soil property measurements. Soil total carbon and total nitro-
gen were determined using an elemental analyser (Vario EL I,
Elementar, Langenselbold, Germany), and soil ammonium nitrogen
(NH4+—N) was measured with a flow analyser (Auto Analyzer 3, Evisa,

Ludwigshafen, Germany).

2.6 | Data analysis

The effects of mesofauna and macrofauna on decomposition were
calculated as:

EStmesofauna = (Mlmm - MO.OSmm) /Mimm  ESmacrofauna = (Msmm = Mimm ) / Mo
where M o5 is the mass loss of leaf litter or roots in a nylon
mesh bag of 0.05mm, M, is the mass loss of leaf litter or root

in a nylon mesh bag of 1mm, M is the mass loss of leaf litter or

5mm
root in a nylon mesh bag of 5mm.
Linear mixed models tested the effects of warming, eleva-
tion and their interaction on arthropod communities, as well as
the effects of arthropods on leaf litter and root decomposition

across different time periods (Bates et al., 2015). In these models,
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elevation, warming and their interactions were fixed effects,
and plot was a random effect. Tukey's test was used for multi-
ple comparisons (Lenth, 2016). Where necessary, data were log-
transformed for normality and to improve the degree of fit of
models. Linear regressions tested the relationships between pred-
ator and detritivore abundances. The predator and detritivore
abundances were log-transformed. Non-metric multidimensional
scaling (NMDS) analysed the differences in species composition
of arthropod communities among the three elevations and the ef-
fect of warming on arthropod composition at different elevations.
Permutational multivariate analysis of variance tested for the ef-
fects of elevation and warming on any significant dissimilarity in
species composition of arthropods.

We used piecewise multigroup structural equation models (SEMs)
to test whether the relationships between predictor and response
variables varied across elevations (Lefcheck, 2016). This approach
can be viewed as an extension of analysis of covariance (Siqueira
et al., 2024), as, for example, it enables us to examine whether
the effect of warming on trophic cascades differs with elevation.
Specifically, we examined whether warming drives decomposition
directly or indirectly by influencing the structure of the food web.
An a priori conceptual model for the SEM was developed based on
our hypothesized causal relationships and was supported by results
from the linear mixed models and correlation analyses (Figure S7).
The model included pathways from the warming treatment to ar-
thropod community structure and ultimately to decomposition.
Specifically, we hypothesized that warming would increase predator
abundance, which would, in turn, reduce detritivore abundance. This
would lower the contribution of detritivores to litter decomposition
and, ultimately, reduce the overall decomposition rates. We also in-
cluded a direct path from warming to decomposition in the model
to distinguish the direct effects of warming from its indirect effects
mediated through trophic interactions. In the piecewise SEM, plots
were used as a random effect to fit multiple linear mixed models. A
?-value of Fisher's C above the significant level indicated the model
was consistent with the data and could be accepted.

We determined the correlation network by Pearson pairwise
correlations among arthropod diversity, trophic structure, litter
decomposition, and soil and vegetation properties under ambient
temperature and warming treatment. We calculated pairwise cor-
relations and network metrics each time by randomly resampling
80% of the dataset 10,000 times and determined the 95% confi-
dence intervals for edge weights and expected influence. Only
significant correlations (i.e. those with 95% confidence intervals
not overlapping zero) were retained in the network. The ‘network’
and ‘bootnet’ packages assessed connections among indicators
(Epskamp et al., 2018; Jones, 2020). The expected influence of a
target indicator was the sum of the correlations between the indi-
cator and the remaining indicators. The edge weights and expected
influence were estimated from 10,000 bootstraps of the empirical
network, and the bootstraps were used to calculate the 95% confi-
dence intervals for these indicators. All statistical analyses used the
R Statistical Software v. 4.1.2.
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3 | RESULTS

3.1 | Arthropod diversity and trophic groups

In the unmanipulated system, arthropod taxonomy diversity was
correlated positively and strongly with plant species diversity across
the entire altitudinal gradient (Figure 2a). The number of species,
abundance and Shannon diversity index of arthropods were greatest
at 4950 m, with no difference between 4650 and 5200 m (Figure 2b-
d). The abundance of predators, omnivores, detritivores and her-
bivores was also greater at 4950m than at either 4650 or 5200 m
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(Figure 2e-h). These results suggest the greatest vertical diversity
(more abundant predators and omnivores) occurred at 4950m with
high arthropod diversity.

Experimental warming increased predator abundance at all three
elevations and omnivore abundance at 4950 m (Figure 2e,f) but de-
creased detritivore abundance at 4650 and 5200m (Figure 2g). At
elevations of 4650 and 5200m, warming significantly reduced the
abundance of dominant detritivores (millipedes), with some at zero
abundance (Figure S3). According to the NMDS analysis, the species
composition of arthropod species separated clearly among eleva-
tions and between temperature treatments (Figure 2i).
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FIGURE 2 Changes in food web structure during the experiment. (a) Linear relationships between Shannon diversity of plant species

and Shannon diversity of arthropod species. Effects of warming and elevation on (b) total number of arthropod species, (c) total abundance
of arthropod, (d) Shannon diversity index, (e) predator abundance, (f) omnivore abundance, (g) detritivore abundance and (h) herbivore
abundance. Bars represent mean + SE. Means with different capital letters among elevations differ from each other (p <0.05); *p <0.05
between warming levels at each elevation differ from each other. (i) Non-metric multidimensional scaling (plot) of arthropod composition
under ambient temperature and warming among elevations. The table presents the results of permutational multivariate analysis of variance
examining the effects of elevation and temperature, and their interaction on arthropod composition. *p <0.05, **p<0.01, ***p<0.001.

(j) Linear relationships between predator and detritivore abundances at different elevations. Solid lines represent significant (p <0.05)
relationships; dashed lines represent non-significant relationships (ns=p>0.05).
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In the linear models, there were decreases in detritivore abun-
dances at 4650 and 5200 m with an increasing abundance of pred-
ators, but not at 4950 m (Figure 2j). The decrease in the abundance
of detritivores with an increase in the abundance of predators
(R?=0.24, p=0.08) emerged marginally only with the warming treat-
ment (Figure S4), but not without warming (p=0.99) at 4650 and
5200m (Figure S4).

3.2 | Substrate decomposition

Our assessment of how arthropods influence decomposition
was based on the magnitude of decomposition at different mesh
sizes (see Section 2.6). The faunal effect on leaf litter and root
decomposition at 4950 m was greater than at 4650 and 5200 m,
and this difference was greater in Periods 2 and 3, which in-
cluded the peak period of arthropod activity, than in Period 1
(Figure 3a,b). There was a significant (p <0.05) or marginally sig-
nificant (p<0.1) interaction between elevation and warming on
the faunal effects of leaf decomposition (Figure 3a,b). Specifically,
warming did not influence the faunal effect at 4950 m in Periods
2 and 3 but decreased the faunal effects at 4650 and 5200m
(Figure 3a,b). Root decomposition was not affected by warming
(Figure 3c,d).
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3.3 | Relationship between arthropods and
decomposition

We constructed multigroup SEMs for three distinct periods (cold
season, warm season and one whole year) to examine how warm-
ing affects leaf litter and root decomposition across three eleva-
tions via predator-mediated top-down trophic cascades (Figure 4).
Given the absence of established statistical approaches for com-
paring multigroup path coefficients in piecewise SEMs with ran-
dom effects, we interpreted the differences qualitatively across
elevations.

During the period of low arthropod activity (Period 1), warm-
ing influenced primarily litter decomposition through direct effects
(Figure 4a). During Periods 2 and 3, which encompassed the peak
arthropod activity, the direct effects of warming on litter decompo-
sition were not significant (Figure 4b,c). Instead, warming affected
decomposition indirectly through a trophic cascade. By increasing
predator abundance, warming suppressed the abundance of detriti-
vores and consequently reduced detritivore-mediated decomposition
(Figure 4b,c). However, this trophic cascade occurred only at 4650 and
5200 m, where the pathways through which warming influenced de-
composition were consistent (Figure 4b,c). At 4950 m, although warm-
ing also increased predator abundance, it did not further suppress
detritivore abundance or their contribution to litter decomposition
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FIGURE 3 Effects of elevation and temperature, and their interactions on the effects of mesofauna (a, c) and macrofauna (b, d) on litter
(a, b) and root decomposition (c, d) at different periods (Period 1: Cold season; Period 2: Warm season; Period 3: One whole year). Bars
represent means + SE. Asterisk represents significant (black: p <0.05) or marginally significant (grey: p <0.10) differences between warming
and ambient temperature at each elevation. The lower left position of each facet presents the results of the linear mixed model on the
effects of elevation and temperature, and their interaction on faunal effect, ns=p>0.10.
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FIGURE 4 Multigroup structural equation models illustrating how warming affects leaf litter and root decomposition across three
elevations (4650, 4950, and 5200 m; n=30). Panel (a) represents Period 1 (cold season), panel (b) represents Period 2 (warm season), and
panel (c) represents Period 3 (one whole year). Black lines indicate positive effects, and red lines indicate negative effects. Solid lines
denote significant pathways (p <0.05), whereas dashed lines indicate non-significant pathways (p>0.05). Different shapes represent
different elevations, circles for 4650 m, squares for 4950 m, and triangles for 5200m. Numbers along the paths represent standardized path
coefficients. The p-value >0.05 for Fisher's C indicates that the model is consistent with the data.

(Figure 4b,c). Furthermore, over one whole year, warming affected
root decomposition via both direct pathways and indirect trophic cas-
cade effects, but only at 4650 and 5200 m.

3.4 | Connection between arthropods with
multiple indicators

In the network, the lines indicate the significant correlation between
the two indicators, independent from others, and the expected influ-
ence is the sum of the correlations between the target indicators and
other indicators. Indicators related to faunal diversity had the great-
est expected influence (many and strong links with other indicators)
under both temperature treatments (Figure 5b,d). The expected in-
fluence of the number of arthropod species was greatest with no
warming (Figure 5b); faunal abundance had the greatest expected
influence with warming (Figure 5d); while the expected influences
of detritivore and omnivore abundances increased greatly under

warming when compared with ambient temperature (Figure 5d).

4 | DISCUSSION

Arthropod abundance and richness and abundance of each trophic
guild were greater at 4950m than at both lower (4650m) and higher
(5200 m) altitudes. This pattern in arthropod species richness was con-
sistent with the distribution of plant diversity along the elevation gra-
dient (Figure 2a). We interpret this pattern in species diversity in the
plant community and its arthropod assemblage as reflecting two con-
trasting abiotic factors. Due to the low temperature at 5200m and the
low water availability at 4650 m, the plant diversity (species richness) at
4950 m was greatest (Wang et al., 2013). Greater plant species diversity
likely provides more ‘niches’ (e.g. food resources, micro-habitats) for ar-
thropods through a bottom-up effect and, thus, a plant community with
high species diversity supports high arthropod species diversity (Barnes
et al., 2020; Santonja et al., 2017; Scherber et al., 2010). In the present
study, changes in arthropod diversity were caused by plant diversity;
however, we focussed on the effects of vertical diversity on cascading
effects and decomposition under warming. Additionally, we discussed
the potential effects of plant diversity on trophic cascades.

4.1 | Effects of warming on arthropod communities

The present study demonstrated shifts in predator and prey abun-
dances over relatively short timescales. Population sizes can change

due to births, deaths or movement. The first two demographic pro-
cesses require long timescales and, therefore, it is likely that our study
was too short to detect changes due to births and deaths. Our find-
ings suggest that the increased abundance of predators in the warming
treatments resulted from immigration from the surrounding area. As
noted in Section 1, warming could increase the ability of ectothermic
predators to capture prey, and/or translate consumption into popula-
tion growth. Consequently, our warming treatments could have been
attractive targets for predators, drawn from the surrounding land-
scape, leading to an increase in predator numbers (Holt & Kotler, 1987).
Elucidating the mechanisms for the observed correlations is chal-
lenging, but we can make some suggestions. Higher temperatures can
promote the development, reproduction and activities of predaceous
ectotherms, thus increasing predation pressure on lower trophic levels
(Romero et al., 2018), while greater predator densities can alter food
web structure via top-down trophic cascades (Antiqueira et al., 2018;
Barnes et al., 2017). In the present study, the timescale of warming
was within a single year, which might represent just one generation
for some taxa. A behavioural effect influencing local predator abun-
dance can operate over short timescales via predator migration. The
open system in this study permitted aggregative numerical responses
by predators, which were likely attracted to warming plots because
foraging rates are faster there. This short-term behavioural effect can
match longer term population responses requiring multiple genera-
tions (Holt & Kotler, 1987). Prey resources can affect predator abun-
dance through bottom-up effects, and predator abundance is usually
correlated positively with detritivore abundance (Barnes et al., 2017,
Santonja et al., 2017; Tumolo et al., 2023). Thus, the negative correla-
tion between predator and detritivore abundances is consistent with
stronger top-down processes under warming (Tumolo et al., 2023),
particularly under low diversities. This result supported Hypothesis 1.
The top-down effects of predators could be influenced by tem-
perature, while the magnitude and direction of these effects often de-
pend on environmental variables such as resource availability and the
presence of refuges from predation (Tylianakis et al., 2008). Greater
overall arthropod diversity can correlate with more prey resources
for predators, but it also provides opportunities for a greater array of
negative interactions between predators, as well as with omnivores
(Koltz et al., 2018). Strong IGP and interference among predators have
been shown to weaken top-down effects, particularly in systems with
diverse predator guilds (Holt & Polis, 1997). Therefore, not all trophic
cascades can propagate to low trophic levels, and some mechanisms
can relieve or even reverse the trophic cascades with a high diversity
among predators (Duffy et al., 2007). In the present study, warming
increased predator abundance at the elevation with high arthropod di-
versity, but this was not accompanied by a decrease in the abundance

85UB017 SUOWIWOD SA1EID 3(dedl|dde auyy Ag peuienob a1e ssoiie O ‘8sn Jo Sa|nJ 10} Aiq1T 8UUO A8]1A UO (SUONIPUCO-PUe-SWLB W0 A3 1M ARIq 1 BU1|UO//Sty) SUONIpUOD pue swie | 8y} 88s *[6Z0z/0T/5z] Uo Akeiqiauliuo A|IMm ‘11 AISIBAIUN SIBARY uosdwoy | A £2T02'St22-G9ET/TTTT 0T/I0p/W00" A8 1M ARIq 1 puljuo'S fuInosaa)//:sdny wouy pepeojumod ‘0 ‘Sy22S9eT



10 BRIISH LUO ET AL.
Eggg}ggw Journal of Ecology
@ Arthropod diversity @ Trophic guilds  Decomposition @ Soil @ Vegetation
(a) Ambient temperature i Warming treatment
Herbivore Herbivore
Total arthropod . Total arthropod 9
abundan:e Ratritivore abundance Detritivore
Species ) Species .
number Omnivore number Omnivore
of arthropod \ of arthropod 5
2 \ }
/) ‘ \[ ‘
\
Coverage @G- Nl \_/—=® Predator Coverage Predator
VD s V4 ‘*{
A S ’1“
Total : \ ~ Mesofauna Total Mesofauna
carbon ) \ contribution carbon contribution
\
Macrofauna 4=
NH4+-N contribution NHg:-N contribution
Total Total
itrogen nitrogen
b n d
(b) 15 (d) *
AR
10
8 8
c [
[ o
3 2
= o 1 4
35 5
2 2
[
: :
df 1] SRS —————e——] w 5
-5/ O oo o s e e S SR
& & < @ o O i ' ' 5 e !
& > S o Ko &S & PSS NN < F s o © N S @ e o &
SRR T PP & & O o P L& T e f St L B T &
ST FFFEES & FEFE & EE FF & P S F 2T EE & E B o
S5 B S T NS s L9 TG TF SR
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of predators, omnivores, detritivores, and herbivores), and ecosystem functions (decomposition, vegetation, and soil). (a) and (c) exhibit
connectivity among arthropod diversity, trophic guilds, decomposition, soil, and vegetation under ambient temperature and warming
treatment. (b) and (d) present the expected influence of each indicator on the network under ambient temperature and warming treatment.
In (a) and (c), the lines indicate significant pairwise correlations between the indicators (95% confidence intervals do not overlap with zero);

darker and wider lines indicate stronger correlations.

of lower trophic guilds. More abundant predators and omnivores were
associated with higher vertical diversity (Duffy et al., 2007, Wang
et al., 2019; Wang & Brose, 2018). Since the abundances of omni-
vores and predators were greater at an elevation with high than low
arthropod diversity, IGP between predators (Wang & Brose, 2018; Wu
et al., 2011), or stronger antagonistic interactions between predators
and omnivores, might reduce total predation at the low trophic levels
(Sitvarin & Rypstra, 2014). These antagonistic effects complicate the
top-down effects expected when predator abundance is increased
and can even reduce the negative effects of increased predators on

lower trophic levels (Duffy et al., 2007). Moderate predation can in-
crease the opportunities of coexistence of competing species at low
trophic levels (Karakocg et al., 2020).

4.2 | Relationship between predators and
decomposition under warming

We tested the vertical diversity hypothesis in brown food webs
under warming. During periods of peak arthropod activity, the
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direct negative effect of warming on decomposition became non-
significant. Instead, warming increased predator abundance sig-
nificantly, which indirectly reduced detritivore abundance and
subsequently decreased litter decomposition. These results sup-
ported Hypothesis 2. This indirect cascade effect was observed at
both 4650 and 5200 m, sites with low arthropod diversity. The path
structures at these two elevations were nearly identical and clearly
differed from those at the mid-elevation site (4950 m), where arthro-
pod diversity was greater and the cascade effect was not signifi-
cant. These findings support Hypothesis 3, that top-down control by
predators would be weakened at sites with high arthropod diversity,
resulting in unchanged decomposition under warming. Given the
relatively small sample size (n=30), the SEM could have been over-
fitted, and a larger dataset is needed to test these relationships more
rigorously. Nevertheless, findings in the present study offer an initial
indication that warming-driven changes in predator abundance can
influence decomposition processes.

Warming affects decomposition by altering the magnitude and
direction of effects of predators on low trophic levels (Romero
et al., 2018; Tylianakis et al., 2008). In the current study, with low
arthropod diversity, the cascading effects of increased predator
abundance under warming on ecosystem function were substantial
(Barnes et al., 2020), as they reduced the faunal effects on litter de-
composition in the warm season to the same level as in the cold sea-
son with little fauna activity. Under ambient temperature conditions
at elevations with low arthropod diversity, millipedes, the dominant
detritivores, were observed in all plots. However, with warming, mil-
lipedes were present in only three plots, and their abundances were
reduced (Figure S3). It is important to note that millipedes are the
primary prey for predators such as ground beetles, spiders, centi-
pedes and rove beetles (Melguizo-Ruiz et al., 2020). Given the high
homogeneity of vegetation types (alpine meadow) on the Qinghai-
Tibetan Plateau (Miehe et al., 2019), these effects could scale across
the region.

When predicting decomposition rates as a consequence of cli-
mate change, the local climate temperature and precipitation are usu-
ally considered (Bradford et al., 2014, 2016). For example, when low
temperature or moisture are limiting factors, warming or increased
precipitation can promote litter decomposition by mitigating these
constraints on microbial activity (Thakur et al., 2018). In the present
study, the temperature at 5200m was the lowest and the humid-
ity was the highest of the three elevations (Figure S2); however, the
faunal effects on litter decomposition at 4650 and 5200m did not
differ with warming, as both were affected negatively. Thus, at the
local scale, biodiversity may potentially be one of the key factors
determining how climate change influences decomposition, beyond
the direct effects of climate alone (Joly et al., 2023). However, we
emphasize that identifying arthropod diversity as a key modulating
factor of warming effects in the present study is based on observed
patterns and causal inference. Further research across multiple rep-
licated sites, combined with controlled manipulative experiments, is
needed to test the role of arthropod diversity and species interac-
tions in shaping decomposition responses to climate warming.
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4.3 | Relationship between arthropods and
ecosystem functions

Based on the network analysis, species diversity played an important
role, while diversity indicators of arthropods exhibited the strongest
influence on ecosystem functions in both ambient temperature and
warming treatments. It should be noted that in the warming treat-
ment, the greatest expected influence was the total arthropod abun-
dance and not the number of species. This may be related to the
decrease in detritivore abundance and the contribution of arthro-
pods to decomposition at elevations with low arthropod diversity,
and the increase in total arthropod abundance and the contribution
of arthropods to decomposition at the elevation with high arthro-
pod diversity under warming. The expected influence of omnivore
abundance increased greatly under warming compared to ambient
temperature. Omnivores can contribute to ecosystem stability by
increasing interspecific interactions and food chain length (McCann
& Hastings, 1997). Additionally, we observed strong correlations be-
tween soil nutrient indicators and contributions of arthropods to de-
composition, which suggests that reduced arthropod contributions
to decomposition, driven by stronger top-down predator effects,
may influence soil nutrient dynamics over longer timescales by alter-
ing biogeochemical cycling (Freschet et al., 2013). These potential
effects may become more evident over extended periods, as the

consequences of altered decomposition rates accumulate.

4.4 | Potential mechanisms

Plant diversity and biomass can influence the strength of trophic in-
teractions. Furthermore, plant species diversity could (1) influence
total plant biomass, which can alter the strength of predator-prey
interactions (Holt & Barfield, 2013); and (2) diminish the impact of
herbivores (Civitello et al., 2015; Keesing & Ostfeld, 2024). It is plau-
sible that plant species diversity weakens the impact of predators
on herbivores by providing a greater variety of microhabitats ena-
bling an escape from predation. This would represent a bottom-up
‘dilution effect’ of plant diversity on interaction strengths across the
food web. To our knowledge, this potential effect of plant species
diversity on trophic interactions among species at higher trophic lev-
els has not been reported. In the present study, we focussed on how
diversity in predatory arthropods can influence top-down effects.
However, there could also be complementary bottom-up effects of
diversity on trophic interactions, as suggested in the present study.

The relationship between biodiversity and ecosystem functions
has been studied extensively (Fanin et al., 2018). These studies
tended to focus on only one trophic level (horizontal diversity), such
as the relationship between plant diversity and primary productivity.
However, how biodiversity influences ecosystem functions across
multiple trophic levels in detritus-based food webs (vertical diver-
sity) and shapes ecosystem responses to climate change is complex
and remains poorly understood. Our findings provide support for
the vertical diversity hypothesis, suggesting that vertical diversity
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may play a role in mediating ecosystem responses to climate warm-
ing, potentially by buffering detritivores from increased predator
pressure under warming conditions. Our study offers new prelimi-
nary insights into how environmental factors may regulate decom-
position responses to warming. Future research should employ more
mesocosm-based manipulative experiments and large-scale field

studies to test the generality of these findings.

AUTHOR CONTRIBUTIONS

Binyu Luo conceptualized the study, designed the methodology,
conducted the investigation, prepared the visualizations, drafted
the manuscript and revised it. Jingxue Zhao conducted the inves-
tigation and contributed to the methodology. A. Allan Degen and
Robert D. Holt contributed to the methodology and revised the
manuscript. Lauchlan H. Fraser revised the manuscript. Mei Huang,
Wenyin Wang, Tianyun Qi, Zhen Peng and Lingyan Qi conducted
the investigation. Peipei Liu conducted the investigation and revised
the manuscript. Zhanhuan Shang conceptualized the study, designed
the methodology, performed the formal analysis, revised the manu-
script, administered the project, acquired funding and supervised
the study.

ACKNOWLEDGEMENTS

This work was supported by the Second Tibetan Plateau
Scientific Expedition and Research (STEP) Program (Grant No.
2019QZKK0302-02), the National Natural Science Foundation of
China (31961143012; U21A20183), the Fundamental Research
Funds for the Central Universities (lzujbky-2021-ct10) and the
‘111’ Programme 2.0 (BP0719040). R.D.H. thanks the University of
Florida Foundation for support.

CONFLICT OF INTEREST STATEMENT

We declare we have no competing interests.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1111/1365-
2745.70173.

DATA AVAILABILITY STATEMENT
All data are available in Figshare: https://doi.org/10.6084/m?9.figsh
are.30082258 (Luo et al., 2025).

ORCID
Jingxue Zhao
A. Allan Degen

https://orcid.org/0000-0002-1379-4722
https://orcid.org/0000-0003-4563-6195

Peipei Liu "= https://orcid.org/0000-0003-1218-7362
Zhanhuan Shang " https://orcid.org/0000-0002-6069-4708
REFERENCES

Antiqueira, P. A. P., Petchey, O. L., & Romero, G. Q. (2018). Warming
and top predator loss drive ecosystem multifunctionality. Ecology
Letters, 21, 72-82. https://doi.org/10.1111/ele.12873

Barnes, A. D., Allen, K., Kreft, H., Corre, M. D., Jochum, M., Veldkamp,
E., Clough, Y., Daniel, R., Darras, K., Denmead, L. H., Haneda, N.
F., Hertel, D., Knohl, A., Kotowska, M. M., Kurniawan, S., Meijide,
A., Rembold, K., Prabowo, W. E., Schneider, D., & Brose, U. (2017).
Direct and cascading impacts of tropical land-use change on multi-
trophic biodiversity. Nature Ecology & Evolution, 1(10), 1511-1519.
https://doi.org/10.1038/s41559-017-0275-7

Barnes, A. D., Scherber, C., Brose, U., Borer, E. T., Ebeling, A., Gauzens,
B., Giling, D. P., Hines, J., Ristok, C., Tilman, D., Weisser, W. W., &
Eisenhauer, N. (2020). Biodiversity enhances the multitrophic con-
trol of arthropod herbivory. Science Advances, 6, eabb6603. https://
doi.org/10.1126/sciadv.abb6603

Bates, D., Maechler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting lin-
ear mixed-effects models using Ime4. Journal of Statistical Software,
67, 1-48. https://doi.org/10.18637/jss.v067.i01

Bradford, M. A., Berg, B., Maynard, D. S., Wieder, W. R., & Wood, S. A.
(2016). Understanding the dominant controls on litter decompo-
sition. Journal of Ecology, 104, 229-238. https://doi.org/10.1111/
1365-2745.12507

Bradford, M. A., Warren, R. J., Baldrian, P., Crowther, T. W., Maynard, D. S.,
Oldfield, E. E., Wieder, W. R., Wood, S. A., & King, J. R. (2014). Climate
fails to predict wood decomposition at regional scales. Nature Climate
Change, 4, 625-630. https://doi.org/10.1038/NCLIMATE2251

Civitello, D. J.,, Cohen, J., Fatima, H., Halstead, N. T., Liriano, J., McMahon,
T. A., Ortega, C. N., Sauer, E. L., Sehgal, T., Young, S., & Rohr, J. R.
(2015). Biodiversity inhibits parasites: Broad evidence for the di-
lution effect. Proceedings of the National Academy of Sciences, 112,
8667-8671. https://doi.org/10.1073/pnas.1506279112

Duffy, J. E., Cardinale, B. J., France, K. E., Mcintyre, P. B., Thébault, E.,
& Loreau, M. (2007). The functional role of biodiversity in ecosys-
tems: Incorporating trophic complexity. Ecology Letters, 10, 522-
538. https://doi.org/10.1111/j.1461-0248.2007.01037.x

Epskamp, S., Borsboom, D., & Fried, E. I. (2018). Estimating psycho-
logical networks and their accuracy: A tutorial paper. Behavior
Research Methods, 50, 195-212. https://doi.org/10.3758/s1342
8-017-0862-1

Fanin, N., Gundale, M. J., Farrell, M., Ciobanu, M., Baldock, J. A., Nilsson,
M. C., Kardol, P., & Wardle, D. A. (2018). Consistent effects of bio-
diversity loss on multifunctionality across contrasting ecosystems.
Nature Ecology & Evolution, 2, 269-278. https://doi.org/10.1038/
s41559-017-0415-0

Freschet, G. T., Cornwell, W. K., Wardle, D. A., Elumeeva, T. G, Liu, W.,
Jackson, B. G., Onipchenko, V. G., Soudzilovskaia, N. A., Tao, J.
P., & Cornelissen, J. H. C. (2013). Linking litter decomposition of
above-and below-ground organs to plant-soil feedbacks world-
wide. Journal of Ecology, 101, 943-952. https://doi.org/10.1111/
1365-2745.12092

Hagan, J. G., Vanschoenwinkel, B., & Gamfeldt, L. (2021). We should not
necessarily expect positive relationships between biodiversity and
ecosystem functioning in observational field data. Ecology Letters,
24,2537-2548. https://doi.org/10.1111/ele. 13874

Handa, I. T., Aerts, R, Berendse, F., Berg, M. P, Bruder, A., Butenschoen,
0., Chauvet, E., Gessner, M. O, Jabiol, J., Makkonen, M., McKie, B.
G., Malmqvist, B., Peeters, E. T. H. M., Scheu, S., Schmid, B., van
Ruijven, J., Vos, V. C. A., & Hattenschwiler, S. (2014). Consequences
of biodiversity loss for litter decomposition across biomes. Nature,
509, 218-221. https://doi.org/10.1038/nature13247

Hawlena, D., Strickland, M. S., Bradford, M. A., & Schmitz, O. J. (2012).
Fear of predation slows plant-litter decomposition. Science, 336,
1434-1438. https://doi.org/10.1126/science.1220097

Hoekman, D. (2010). Turning up the heat: Temperature influences the
relative importance of top-down and bottom-up effects. Ecology,
91,2819-2825. https://doi.org/10.1890/10-0260.1

Holt, R. D., & Barfield, M. (2013). Direct plant-predator interactions as
determinants of food chain dynamics. Journal of Theoretical Biology,
339, 47-57. https://doi.org/10.1016/.jtbi.2013.04.034

85UB017 SUOWIWOD SA1EID 3(dedl|dde auyy Ag peuienob a1e ssoiie O ‘8sn Jo Sa|nJ 10} Aiq1T 8UUO A8]1A UO (SUONIPUCO-PUe-SWLB W0 A3 1M ARIq 1 BU1|UO//Sty) SUONIpUOD pue swie | 8y} 88s *[6Z0z/0T/5z] Uo Akeiqiauliuo A|IMm ‘11 AISIBAIUN SIBARY uosdwoy | A £2T02'St22-G9ET/TTTT 0T/I0p/W00" A8 1M ARIq 1 puljuo'S fuInosaa)//:sdny wouy pepeojumod ‘0 ‘Sy22S9eT


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70173
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70173
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70173
https://doi.org/10.6084/m9.figshare.30082258
https://doi.org/10.6084/m9.figshare.30082258
https://orcid.org/0000-0002-1379-4722
https://orcid.org/0000-0002-1379-4722
https://orcid.org/0000-0003-4563-6195
https://orcid.org/0000-0003-4563-6195
https://orcid.org/0000-0003-1218-7362
https://orcid.org/0000-0003-1218-7362
https://orcid.org/0000-0002-6069-4708
https://orcid.org/0000-0002-6069-4708
https://doi.org/10.1111/ele.12873
https://doi.org/10.1038/s41559-017-0275-7
https://doi.org/10.1126/sciadv.abb6603
https://doi.org/10.1126/sciadv.abb6603
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/1365-2745.12507
https://doi.org/10.1111/1365-2745.12507
https://doi.org/10.1038/NCLIMATE2251
https://doi.org/10.1073/pnas.1506279112
https://doi.org/10.1111/j.1461-0248.2007.01037.x
https://doi.org/10.3758/s13428-017-0862-1
https://doi.org/10.3758/s13428-017-0862-1
https://doi.org/10.1038/s41559-017-0415-0
https://doi.org/10.1038/s41559-017-0415-0
https://doi.org/10.1111/1365-2745.12092
https://doi.org/10.1111/1365-2745.12092
https://doi.org/10.1111/ele.13874
https://doi.org/10.1038/nature13247
https://doi.org/10.1126/science.1220097
https://doi.org/10.1890/10-0260.1
https://doi.org/10.1016/j.jtbi.2013.04.034

LUO ET AL.

Holt, R. D., & Kotler, B. P. (1987). Short-term apparent competition.
The American Naturalist, 130, 412-430. https://doi.org/10.1086/
284718

Holt, R. D., & Polis, G. A. (1997). A theoretical framework for intraguild
predation. The American Naturalist, 149, 745-764. https://doi.org/
10.1086/286018

Haye, T. T., Kresse, J. C., Koltz, A. M., & Bowden, J. J. (2020). Earlier
springs enable high-Arctic wolf spiders to produce a second
clutch. Proceedings of the Royal Society B: Biological Sciences, 287,
20200982. https://doi.org/10.1098/rspb.2020.0982

Joly, F. X., Scherer-Lorenzen, M., & Hattenschwiler, S. (2023). Resolving
the intricate role of climate in litter decomposition. Nature Ecology
& Evolution, 7, 214-223. https://doi.org/10.1038/s41559-022-
01948-z

Jones, P. D. (2020). R package “network tools” version 1.2.3.

Karakog, C., Clark, A. T., & Chatzinotas, A. (2020). Diversity and coex-
istence are influenced by time-dependent species interactions in
a predator-prey system. Ecology Letters, 23, 983-993. https://doi.
org/10.1111/ele.13500

Keesing, F., & Ostfeld, R. S. (2024). The more, the healthier: Tree diversity
reduces forest pests and pathogens. PLoS Biology, 22, e3002525.
https://doi.org/10.1371/journal.pbio.3002525

Knight, T. M., McCoy, M. W.,, Chase, J. M., McCoy, K. A, & Holt, R. D.
(2005). Trophic cascades across ecosystems. Nature, 437, 880-883.
https://doi.org/10.1038/nature03962

Koltz, A. M., Classen, A. T., & Wright, J. P. (2018). Warming reverses top-
down effects of predators on belowground ecosystem function in
Arctic tundra. Proceedings of the National Academy of Sciences, 115,
E7541-E7549. https://doi.org/10.1073/pnas.1808754115

Lange, M., Gossner, M. M., & Weisser, W. W. (2011). Effect of pitfall trap
type and diameter on vertebrate by-catches and ground beetle
(Coleoptera: Carabidae) and spider (Araneae) sampling. Methods
in Ecology and Evolution, 2, 185-190. https://doi.org/10.1073/10.
1111/j.2041-210X.2010.00062.x

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equation
modelling in r for ecology, evolution, and systematics. Methods in
Ecology and Evolution, 7, 573-579. https://doi.org/10.1111/2041-
210X.12512

Lenth, R. V. (2016). Least-squares means: The package. Journal of
Statistical Software, 69, 1-33. https://doi.org/10.18637/jss.v069.i01

Luo, B., Huang, M., Wang, W., Niu, J., Shrestha, M., Zeng, H., Ma, L.,
Degen, A. A., Liao, J., Zhang, T., Bai, Y., Zhao, J., Fraser, L. H., &
Shang, Z. (2023). Ant nests increase litter decomposition to mit-
igate the negative effect of warming in an alpine grassland eco-
system. Proceedings of the Royal Society B: Biological Sciences, 290,
20230613. https://doi.org/10.1098/rspb.2023.0613

Luo, B., Zhao, J., Degen, A. A., Huang, M., Wang, W., Qi, T., Fraser, L.
H., Peng, Z., Qi, L., Liu, P, Holt, R. D., & Shang, Z. (2025). Warming
effects on decomposition via trophic cascades vary across eleva-
tions in an alpine meadow ecosystem [Data set]. Figshare. https://
doi.org/10.6084/m9.figshare.30082258

Macfadyen, A. (1961). Improved funnel-type extractors for soil arthro-
pods. Journal of Animal Ecology, 30, 171-184. https://doi.org/10.
2307/2120

Marion, G. M., Henry, G. H. R., Freckman, D. W., Johnstoe, J., Jones, G.,
Jones, M. H., Lévesque, E., Molau, U., Molgaard, P., Parsons, A. N.,
Svoboda, J., & Virginia, R. A. (1997). Open-top designs for manipu-
lating field temperature in high-latitude ecosystems. Global Change
Biology, 3, 20-32. https://doi.org/10.1111/j.1365-2486.1997.
gch136.x

McCann, K., & Hastings, A. (1997). Re-evaluating the omnivory-sta-
bility relationship in food webs. Proceedings of the Royal Society B:
Biological Sciences, 264, 1249-1254. https://doi.org/10.1098/rspb.
1997.0172

Melguizo-Ruiz, N., Jiménez-Navarro, G., De Mas, E., Pato, J., Scheu, S.,
Austin, A. T., Wise, D. H., & Moya-Larafio, J. (2020). Field exclusion

BRITISH 13
Egggltgg;w Journal of Ecology

of large soil predators impacts lower trophic levels and decreases
leaf-litter decomposition in dry forests. Journal of Animal Ecology,
89, 334-346. https://doi.org/10.1111/1365-2656.13101

Miehe, G., Schleuss, P. M., Seeber, E., Babel, W., Biermann, T., Braendle,
M., Chen, F., Coners, H., Foken, T., Gerken, T, Graf, H. F.,
Guggenberger, G., Hafner, S., Holzapfel, M., Ingrisch, J., Kuzyakov,
Y., Lai, Z., Lehnert, L., Leuschner, C., ... Wesche, K. (2019). The
Kobresia pygmaea ecosystem of the Tibetan highlands-origin,
functioning and degradation of the world's largest pastoral al-
pine ecosystem: Kobresia pastures of Tibet. Science of the Total
Environment, 648, 754-771. https://doi.org/10.1016/j.scitotenv.
2018.08.164

O'Connor, M. I. (2009). Warming strengthens an herbivore-plant inter-
action. Ecology, 90, 388-398. https://doi.org/10.1890/08-0034.1

O'Gorman, E. J,, Zhao, L., Kordas, R. L., Dudgeon, S., & Woodward, G.
(2023). Warming indirectly simplifies food webs through effects on
apex predators. Nature Ecology & Evolution, 7, 1983-1992. https://
doi.org/10.1038/541559-023-02216-4

Polis, G. A, Myers, C. A, & Holt, R. D. (1989). The ecology and evolution
of intraguild predation: Potential competitors that eat each other.
Annual Review of Ecology and Systematics, 20, 297-330. https://doi.
org/10.1146/annurev.es.20.110189.001501

Polis, G. A., & Strong, D. R. (1996). Food web complexity and community
dynamics. The American Naturalist, 147, 813-846. https://doi.org/
10.1086/285880

Romero, G. Q., Goncalves-Souza, T., Kratina, P., Marino, N. A., Petry, W.
K., Sobral-Souza, T., & Roslin, T. (2018). Global predation pressure
redistribution under future climate change. Nature Climate Change,
8, 1087-1091. https://doi.org/10.1038/s41558-018-0347-y

Santonja, M., Fernandez, C., Proffit, M., Gers, C., Gauquelin, T., Reiter, I.
M., Cramer, W., & Baldy, V. (2017). Plant litter mixture partly miti-
gates the negative effects of extended drought on soil biota and lit-
ter decomposition in a Mediterranean oak forest. Journal of Ecology,
105, 801-815. https://doi.org/10.1111/1365-2745.12711

Scherber, C., Eisenhauer, N., Weisser, W. W., Schmid, B., Voigt, W.,
Fischer, M., Schulze, E., Roscher, C., Weigelt, A., Allan, E., Bessler,
H., Bonkowski, M., Buchmann, N., Buscot, F., Clement, L. W.,
Ebeling, A., Engels, C., Halle, S., Kertscher, I, ... Tscharntke, T.
(2010). Bottom-up effects of plant diversity on multitrophic inter-
actions in a biodiversity experiment. Nature, 468, 553-556. https://
doi.org/10.1038/nature09492

Siqueira, T., Hawkins, C. P, Olden, J. D., Tonkin, J., Comte, L., Saito, V.
S., Anderson, T. L., Barbosa, G. P.,, Bonada, N., Bonecker, C. C.,
Caiiedo-Argtlelles, M., Datry, T., Flinn, M. B., Fortuio, P., Gerrish,
G. A., Haase, P, Hill, M. J,, Hood, J. M., Huttunen, K. L., ... Ruhi,
A. (2024). Understanding temporal variability across trophic levels
and spatial scales in freshwater ecosystems. Ecology, 105, e4219.
https://doi.org/10.1002/ecy.4219

Sitvarin, M. ., & Rypstra, A. L. (2014). The importance of intraguild pre-
dation in predicting emergent multiple predator effects. Ecology,
95,2936-2945. https://doi.org/10.1890/13-2347.1

Thakur, M. P, Reich, P. B., Hobbie, S. E., Stefanski, A., Rich, R., Rice, K. E.,
Eddy, W. C., & Eisenhauer, N. (2018). Reduced feeding activity of
soil detritivores under warmer and drier conditions. Nature Climate
Change, 8, 75-78. https://doi.org/10.1038/s41558-017-0032-6

Tumolo, B. B., Collins, S. M., Guan, Y., & Krist, A. V. (2023). Resource
quantity and quality differentially control stream invertebrate
biodiversity across spatial scales. Ecology Letters, 26, 2077-2086.
https://doi.org/10.1111/ele.14317

Tylianakis, J. M., Didham, R. K., Bascompte, J., & Wardle, D. A. (2008).
Global change and species interactions in terrestrial ecosystems.
Ecology Letters, 11, 1351-1363. https://doi.org/10.1111/j.1461-
0248.2008.01250.x

Wang, S., & Brose, U. (2018). Biodiversity and ecosystem functioning in
food webs: The vertical diversity hypothesis. Ecology Letters, 21,
9-20. https://doi.org/10.1111/ele.12865

85UB017 SUOWIWOD SA1EID 3(dedl|dde auyy Ag peuienob a1e ssoiie O ‘8sn Jo Sa|nJ 10} Aiq1T 8UUO A8]1A UO (SUONIPUCO-PUe-SWLB W0 A3 1M ARIq 1 BU1|UO//Sty) SUONIpUOD pue swie | 8y} 88s *[6Z0z/0T/5z] Uo Akeiqiauliuo A|IMm ‘11 AISIBAIUN SIBARY uosdwoy | A £2T02'St22-G9ET/TTTT 0T/I0p/W00" A8 1M ARIq 1 puljuo'S fuInosaa)//:sdny wouy pepeojumod ‘0 ‘Sy22S9eT


https://doi.org/10.1086/284718
https://doi.org/10.1086/284718
https://doi.org/10.1086/286018
https://doi.org/10.1086/286018
https://doi.org/10.1098/rspb.2020.0982
https://doi.org/10.1038/s41559-022-01948-z
https://doi.org/10.1038/s41559-022-01948-z
https://doi.org/10.1111/ele.13500
https://doi.org/10.1111/ele.13500
https://doi.org/10.1371/journal.pbio.3002525
https://doi.org/10.1038/nature03962
https://doi.org/10.1073/pnas.1808754115
https://doi.org/10.1073/10.1111/j.2041-210X.2010.00062.x
https://doi.org/10.1073/10.1111/j.2041-210X.2010.00062.x
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.18637/jss.v069.i01
https://doi.org/10.1098/rspb.2023.0613
https://doi.org/10.6084/m9.figshare.30082258
https://doi.org/10.6084/m9.figshare.30082258
https://doi.org/10.2307/2120
https://doi.org/10.2307/2120
https://doi.org/10.1111/j.1365-2486.1997.gcb136.x
https://doi.org/10.1111/j.1365-2486.1997.gcb136.x
https://doi.org/10.1098/rspb.1997.0172
https://doi.org/10.1098/rspb.1997.0172
https://doi.org/10.1111/1365-2656.13101
https://doi.org/10.1016/j.scitotenv.2018.08.164
https://doi.org/10.1016/j.scitotenv.2018.08.164
https://doi.org/10.1890/08-0034.1
https://doi.org/10.1038/s41559-023-02216-4
https://doi.org/10.1038/s41559-023-02216-4
https://doi.org/10.1146/annurev.es.20.110189.001501
https://doi.org/10.1146/annurev.es.20.110189.001501
https://doi.org/10.1086/285880
https://doi.org/10.1086/285880
https://doi.org/10.1038/s41558-018-0347-y
https://doi.org/10.1111/1365-2745.12711
https://doi.org/10.1038/nature09492
https://doi.org/10.1038/nature09492
https://doi.org/10.1002/ecy.4219
https://doi.org/10.1890/13-2347.1
https://doi.org/10.1038/s41558-017-0032-6
https://doi.org/10.1111/ele.14317
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1111/j.1461-0248.2008.01250.x
https://doi.org/10.1111/ele.12865

LUO ET AL.

il_ Eg&ﬁglcué] 1 of Ecol
s -OUInal ot LCology

Wang, S., Brose, U., & Gravel, D. (2019). Intraguild predation enhances
biodiversity and functioning in complex food webs. Ecology, 100,
e02616. https://doi.org/10.1002/ecy.2616

Wang, Z., Luo, T., Li, R., Tang, Y., & Du, M. (2013). Causes for the un-
imodal pattern of biomass and productivity in alpine grasslands
along a large altitudinal gradient in semi-arid regions. Journal of
Vegetation Science, 24, 189-201. https://doi.org/10.1111/j.1654-
1103.2012.01442.x

Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setala, H., Van Der
Putten, W. H., & Wall, D. H. (2004). Ecological linkages between
aboveground and belowground biota. Science, 304, 1629-1633.
https://doi.org/10.1126/science. 1094875

Wise, D. H., & Lensing, J. R. (2019). Impacts of rainfall extremes predicted
by climate-change models on major trophic groups in the leaf litter
arthropod community. Journal of Animal Ecology, 88, 1486-1497.
https://doi.org/10.1111/1365-2656.13046

Wu, X., Duffy, J. E., Reich, P. B., & Sun, S. (2011). A brown-world cascade
in the dung decomposer food web of an alpine meadow: Effects
of predator interactions and warming. Ecological Monographs, 81,
313-328. https://doi.org/10.1890/10-0808.1

Wu, X., Griffin, J. N., & Sun, S. (2014). Cascading effects of predator-de-
tritivore interactions depend on environmental context in a Tibetan
alpine meadow. Journal of Animal Ecology, 83, 546-556. https://doi.
org/10.1111/1365-2656.12165

Yin, R., Qin, W., Wang, X., Xie, D., Wang, H., Zhao, H., Zhang, Z., He,
J., Schaedler, M., Kardol, P., Eisenhauer, N., & Zhu, B. (2023).
Experimental warming causes mismatches in alpine plant-microbe-
fauna phenology. Nature Communications, 14, 2159. https://doi.org/
10.1038/s41467-023-37938-3

Zhao, J., Luo, T, Li, R., Wei, H, Li, X,, Du, M., & Tang, Y. (2018).
Precipitation alters temperature effects on ecosystem respiration
in Tibetan alpine meadows. Agricultural and Forest Meteorology, 252,
121-129. https://doi.org/10.1016/j.agrformet.2018.01.014

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Study sites in alpine meadow (a); warming treatment (b);
litter decomposition with different mesh sizes and windproof PVC
pipes (c); root decomposition with different mesh sizes (d).

Figure S2. The average daily air temperature, soil temperature and
air humidity at three elevations. The insets are annual averages.
Figure S3. Effect of warming on millipede abundance at three
elevations.

Figure S4. Linear relationships between predator and detritivore
abundances at elevations with low arthropod diversity under
ambient temperature and warming.

Figure S5. Effects of mesh size and elevation on litter (a) and root

* represents significant (p<0.05) differences

(b) decomposition.
among mesh sizes at each elevation. Means with different lowercase
letters differ significantly among elevations in the same mesh size.
(c) Effects of decomposition period and mesh sizes on root and litter
(left) and root (right) decomposition.

Figure S6. Linear correlations between predator abundance and
decomposition under ambient temperature (a, b) and warming

treatments (c, d) at three elevations and three periods.

Figure S7. A priori conceptual model illustrating how warming can
influence decomposition through both direct and indirect effects
mediated by trophic cascades.

Table S1. The taxa and trophic guilds of the arthropods. To enhance
clarity, specific species names and their distribution are provided for
some arthropod.

TableS2. Statistics of the linear mixed-effects models testing
the effects of temperature, elevation, and their interaction
(temperature x elevation) on the contribution of mesofauna to
litter decomposition across three periods (Period1=cold season,
Period 2=warm season, Period 3=whole year).

Table S3. Statistics of the linear mixed-effects models testing
the effects of temperature, elevation and their interaction
(temperature x elevation) on the contribution of macrofauna to
litter decomposition across three periods (Period1=cold season,
Period2=warm season, Period 3=whole year).

Table S4. Statistics of the linear mixed-effects models testing
the effects of temperature, elevation, and their interaction
(temperature x elevation) on the contribution of mesofauna to
root decomposition across three periods (Period1=cold season,
Period 2 =warm season, Period 3=whole year).

Table S5. Statistics of the linear mixed-effects models testing
the effects of temperature, elevation, and their interaction
(temperature x elevation) on the contribution of macrofauna to
root decomposition across three periods (Period1=cold season,
Period 2 =warm season, Period 3=whole year).

Table Sé. Statistics of the multigroup structural equation models for
Period 1 (cold season), presenting the path coefficients that differ
significantly across elevation groups.

Table S7. Statistics of the multigroup structural equation models for
Period 2 (warm season), presenting the path coefficients that differ
significantly across elevation groups.

Table S8. Statistics of the multigroup structural equation models
for Period 3 (one whole year), presenting the path coefficients that
differ significantly across elevation groups.
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