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guilds.
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Elevational richness patterns and underlying environmental correlates have contributed greatly to a range of
general theories of biodiversity. However, the mechanisms underlying elevational abundance and biomass pat-
terns across several trophic levels in belowground food webs remain largely unknown. In this study, we aimed
to disentangle the relationships between the elevational patterns of different trophic levels of litter invertebrates
and their underlying environmental correlates for two contrasting ecosystems separated by the treeline. We
sampled 119 plots from 1020 to 1770 asl in forest and 21 plots from 1790 to 2280 asl in meadow on Dongling
Mountain, northwest of Beijing, China. Four functional guilds were divided based on feeding regime: omnivores,
herbivores, predators, and detritivores. We used eigenvector-based spatial filters to account for spatial autocor-
relation andmulti-model selection to determine the best environmental correlates for the community attributes
of the different feeding guilds. The results showed that the richness, abundance and biomass of omnivores de-
clined with increasing elevation in the meadow, whereas there was a hump-shaped richness pattern for
detritivores. The richness and abundance of different feeding guilds were positively correlated in the forest,
while not in the meadow. In the forest, the variances of richness in omnivores, predators, and detritivores
were mostly correlated with litter thickness, with omnivores being best explained by mean annual temperature
in themeadow. In conclusion, hump-shaped elevational richness, abundance and biomass patterns driven by the
forest gradient below the treeline existed in all feeding guilds of litter invertebrates. Climate replaced productiv-
ity as the primary factor that drove the richness patterns of omnivores above the treeline, whereas heterogeneity
replaced climate for herbivores. Our results highlight that the correlated elevational richness, abundance, and
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biomass patterns of feeding guilds are ecosystem-dependent and that the underlying environmental correlates
shifted at the treeline for most feeding guilds.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Elevational biodiversity patterns and underlying mechanisms have
evoked the strong interests of ecologists for centuries (Sundqvist et al.,
2013). Considered to be a substitute system for studying the conse-
quences of environmental changes on organisms, analyses of the effects
of elevational gradients on diversity contribute to the development and
evaluation of a range of general theories of biodiversity (Grytnes and
Mccain, 2007). Previous studies have primarily investigated the
elevational richness patterns (Beck et al., 2017; Werenkraut and
Ruggiero, 2011), whereas the elevational patterns of abundance and
biomass have been less studied. Essentially, richness is an index based
on presence–absence data, and ecologists will gain more information
on community structure by analyzing either abundance or biomass.
Moreover, most work on biological communities goes beyond examin-
ing diversity per se and focuses on how diversity relates to ecosystem
processes and function (Saint-Germain et al., 2007). Ecological pro-
cesses are mostly driven by individuals and their abundances (Roder
et al., 2017). Despite high abundancemaking small invertebrates pivotal
in foodwebs (Hooper et al., 2005), the abundance distributions of inver-
tebrates along elevational gradients remain poorly documented. A lim-
ited number of previous studies on the abundance of arthropods have
found diverse results: declining (Lee et al., 2012), hump-shaped
(Werenkraut and Ruggiero, 2014) or even increasing patterns (Mccoy,
1990) with increasing elevation have been reported. Biomass should
be used in community analyses that involve strong functional compo-
nents (Saint-Germain et al., 2007), especially for terrestrial food webs.
As a significant indicator of community structure, biomass is a key var-
iable that indicates productivity, energy flow, and food-web dynamics
(Brown et al., 2004). However, we still have limited knowledge on the
elevational patterns of invertebrate richness comparedwith abundance
and biomass data (but see Xu et al., 2017), particularly in the perspec-
tive of food web structures.

Food webs depict distribution patterns of feeding links across popu-
lations through which energy flows from the primary producers (auto-
trophs) to the top predators in a community (Thompson et al., 2012). As
one of the most complex food webs, the soil food web plays a pivotal
role in carbon sequestration, nutrient cycling (Bardgett and van der
Putten, 2014) and the maintenance of soil health (Wall et al., 2015).
Few other biota can match the abundance, diversity or complexity of
the soil animals (Bardgett and van der Putten, 2014). The complex feed-
ing links that involve enormous biodiversity (McCann, 2007) in hetero-
geneous soil habitats (Wardle, 2006) make soil food webs difficult to
understand (Van der Putten et al., 2001). Therefore, guilds, functional
groups or functional types have been regarded as a potentially useful
way to reduce complexity in soil food web research when the effects
of environmental changes on biotic communities are investigated
(Kissling et al., 2012).

A feeding guild is a group of species that exploit the same resource in
a similar way (Root, 1966) and that determines the effects of species on
ecological processes and their sensitivity to environmental change
(Mumme et al., 2015), which in turn influences the growth, reproduc-
tion and survival of a species (Moretti et al., 2016). Moreover, feeding
guilds can be considered good surrogates for the trophic level and posi-
tion in a food web, important components that shape the structure of
ecological networks (Ibanez, 2012; Stang et al., 2009), and have a direct
link to ecosystem functions. Several studies have shown that the re-
sponse to environmental change among species in the same feeding
guild is often concordant (Crotty et al., 2014; Hillstrom and Lindroth,
2008; Voigt et al., 2003). There are a few studies that have differentiated
feeding guilds of soil invertebrates (most concentrating on nematodes)
in different environmental contexts. For example, herbivores benefit
from low-nitrogen soil, whereas predators and omnivores benefit
high-nitrogen soil with increasing CO2 concentration (Hoeksema et al.,
2000). The richness of herbivores (Woodcock and Pywell, 2010) and
predators (Haddad et al., 2009) are negatively correlated with plant
species. Most elevational studies have focused on a single trophic level
or guild, rather than examining patterns for biotic communities across
all trophic levels (Wang et al., 2011). Although some studies have re-
ported elevational patterns across trophic levels (Grytnes et al., 2006),
few studies have quantified the elevational richness, abundance, and
biomass patterns of different trophic levels (often represented by feed-
ing guilds) in soil food webs, especially when contrasting ecosystems
separated by treelines.

The relationships between richness and elevation greatly vary with
scale of extent (Nogues-Bravo et al., 2008). If the sampling gradients
only cover a part of the local elevational range, the outcome of
elevational biodiversity studies will be diverse or even misleading.
Therefore, to reduce the scale effect on the outcome of elevational bio-
diversity studies, samplings should cover asmuch as possible of the en-
tire range of a mountain from base to top, and many elevational
gradients should thus contain the treelines in montane areas. Treelines
represent drastic vegetation changes where forests are replaced by
shrublands or grasslands along a relatively short spatial gradient
(Hoch and Korner, 2012). Considering the intimate linkages between
the aboveground and belowground (Wardle et al., 2004), the change
of resource quantity and quality input from plants to the belowground
may affect the diversity and biomass pattern of litter invertebrates
along elevational patterns. Forest ecosystems display more stable envi-
ronmental conditions than meadows above the treeline, which have no
protection from climate variations bywoody canopies and shrub under-
stories, (Heiniger et al., 2015). Harsh environments (e.g., low tempera-
tures and more direct illumination at the ground level) in meadows
may lower the energy-use efficiency (Wardle et al., 2004) of soil food
webs. Plants at higher elevations, especially in ameadow above treeline,
adapt to the harsh climate by increasing leaf toughness or by storing
secondary metabolites (Cornelissen et al., 1999), which make more re-
calcitrant plant litter for invertebrates. Additionally, compared with
meadows, the litter layer is thicker within forests and insulates the hab-
itat of litter invertebrates from large swings inmicroclimatic conditions.
Moreover, the continuing decrease in temperature in a meadow may
have disproportionate effects on the higher trophic levels of food
webs (Voigt et al., 2003). Therefore, the relative response of the differ-
ent feeding guilds to environmental gradients may be ecosystem de-
pendent, for example, higher omnivore abundance exists in
woodlands whereas higher herbivore abundance exists in grasslands
(Crotty et al., 2014). Many key ecosystem properties are altered at tem-
perate treelines (Mayor et al., 2017), which may have profound effects
on soil biota. However, we still have limited knowledge of howdifferent
feeding guilds of litter fauna related with each other below and above
the treeline and the environmental correlates that underlie these
patterns.

There are four major categories of environmental hypotheses that
underlie the elevational diversity patterns of litter invertebrates: cli-
matic, productivity, heterogeneity and soil property hypotheses
(Werenkraut and Ruggiero, 2014). Variations in climate factors associ-
ated with elevation, such as temperature and precipitation, are impor-
tant drivers for litter invertebrates (Palin et al., 2011). Food availability
(resources production) has been suggested as a key factor that influ-
ences the relationships between richness/abundance and altitudinal
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gradients (Blackburn and Gaston, 2001). Litter mass and litter thickness
have also been found to be important for the richness or biomass of lit-
ter invertebrates in several feeding guilds (Jochumet al., 2017; Ott et al.,
2014). Climate-change-induced shifts in plant characteristics and vege-
tation type have also been suggested as determinants in the structuring
of communities of soil biota (Ettema and Wardle, 2002; Minor et al.,
2016) by influencing the quality and quantity of available resources
present in the soil (Wardle et al., 2004). Plant richness affects the abun-
dance and richness of higher trophic levels (Haddad et al., 2009;
Scherber et al., 2010) and woody plant richness has also been reported
to have few effects on invertebrates (Schuldt et al., 2014). The physical
structure and heterogeneity of the soil habitat represented by the parti-
cle size distribution regulates engineering activities, such as burrowing,
casting, and nesting activities, andmay affect thedistribution of litter in-
vertebrates (Nielsen et al., 2008). Moreover, soil chemical factors, such
as pH and the availability of nutrients (e.g., C, N, and P), are also strongly
related to soil biota (Loranger et al., 2001; Mulder and Elser, 2009). To
date, few studies have evaluated if the environmental correlates that
drive the elevational diversity patterns of different feeding guilds of lit-
ter invertebrates shift at treelines.

In this paper, we used an oak-dominated forest transect (from 1020
to 1770 asl) that shifts to ameadow gradient (from 1790 to 2280 asl) up
to a mountain top as a model system for investigating changes in feed-
ing guilds of litter invertebrate communities. Based on this study sys-
tem, we had previously compared the elevational patterns of all soil-
dwelling and litter-dwelling invertebrates and found that litter inverte-
brates were more sensitive to elevational change both in forests and
meadows (Xu et al., 2017). The elevational patterns of litter inverte-
brates shifted from hump-shaped elevational patterns to declining pat-
terns at the treeline. The dominant environment predictors of the
richness and abundance patterns of litter-dwelling invertebrates were
productivity in the forest below the treeline and climate in themeadow
above the treeline (Xu et al., 2017). Themain goal of the present study is
to apply the same statistical techniques to disentangle the relationships
between the elevational patterns of different trophic levels of litter in-
vertebrates and their underlying environmental correlates for two con-
trasting ecosystems separated by a treeline. We assessed richness,
abundance, and biomass patterns of litter invertebrates across four dif-
ferent feeding guilds (omnivores, herbivores, detritivores, and preda-
tors) along an elevation gradient under below-treeline forest and
above-treeline meadow, respectively. In particular, we (i) explored
the elevational patterns of richness, abundance, and biomass across
the treeline, (ii) tested if these elevational patterns of different feeding
guilds were correlated with one another in the forest or meadow, and
(iii) compared the environmental predictors for these patterns below
and above the treeline.

2. Materials and methods

2.1. Study area

We chose the Beijing Forest Ecosystem Research Station of the Chi-
nese Academy of Sciences (40°00″–40°03″N and 115°26″–115°30″E)
as the study area, situated on Dongling Mountain, approximately
100 km northwest of Beijing city, China. This area has a typical warm
temperate continental monsoon climate. The average annual precipita-
tion is 500–650 mm and mean annual temperature is 5–10 °C. Brown
soil is the main soil type and is mainly comprised of Eutric cambisol
(FAO, 1988). The zonal vegetation in forests is highly heterogeneous
and mainly includes oaks (Quercus spp.), mixed species (e.g., Tilia spp.,
Ulmus spp., Acer spp., Juglans mandshurica, and Fraxinus rhynchophylla,
among others), birches (Betula spp.), and poplar (Populus davidiana).
The dominant species in subalpine meadow mainly include Saussurea
purpurascens, Carex capillaris, and Iris ruthenicar.

We chose a forest elevational gradient dominated byQ. liaotungensis
that ranged from 1020 m asl (near the base of Dongling Mountain) to
1770 m asl and a meadow elevational gradient that ranged from
1790 m asl to 2280 m asl (close to the summit of the Dongling Moun-
tain). The 10 transects, each occupying a different elevational segment
of the slopes, together formed a singlemontane forest elevational gradi-
ent. The lengths of the 10-m-wide transects ranged from80m to 180m.
Each transectwas divided into 10m× 10mplots (parallel to the slope),
with a total of 119 plots (one plot at one elevation) in the forest (see
Fig. S1, the sketch map on sampling transects, in Appendix A). Above
the treeline, 21 plots (10 m × 10 m) at approximately 20-m-
elevational intervals along the mountain were also chosen to form an
elevational gradient of subalpine meadow. A total of 140 plots were se-
lected for this study and were surveyed along the elevational gradient
across the forest and subalpinemeadow. Each plot was chosen with ap-
proximately the same aspect (western slope) and similar slopes (be-
tween 22° and 48°) to ensure that climate served as the major abiotic
driver that varied with elevation in this system. The elevation, latitude,
and longitude of each plot were logged by a GPS unit. More details on
the study area and plant community investigation can be found in a pre-
vious study (Xu et al., 2017).

2.2. Litter animal collection and identification

Three mechanically selected (along the diagonal line of each plot)
subplots (1 m × 1 m) were set in each 10 m × 10 m plot. We applied
twomethods to sample litter invertebrates in each subplot: (1) animals
in the three 0.6m×0.6m subplotswere hand-sorted to obtain the large
animals that could be seen by the naked eye and (2) all leaf litter from
the OL horizon and the humus layer (the OF and OH horizons) in the
subplot were collected, placed into a cotton bag and retrieved to extract
meso- and micro-fauna. Each sample was placed in a cotton bag to en-
sure that the activity of animals was unaffected and was then sealed
to avoid exposure to light prior to extraction by heat in modified
Tullgren extractors (Wallwork, 1976). Three litter samples in the same
plot weremixed into one sample. Most litter invertebrates were identi-
fied to the family or morphospecies level, except for Mesostigmata and
Prostigmata, which were identified at a suborder level. Because of the
great differences in their morphologies, food resources, and ecological
roles in foodwebs, the adults and larvae of beetles were analyzed as dif-
ferentmorphospecies.We recorded the taxonomic identities, the abun-
dance of invertebrates and the body length (for 10 individuals for each
taxon or all individuals when b10) for each plot. The dry weight (mg) of
each individual was calculated based on mass-length regressions (Xu
et al., 2015), after which the average body mass of each family or mor-
phospecies in each sample was obtained. Along with the abundance
data,we evaluated the biomass of each family ormorphospecies.We di-
vided litter invertebrates into four functional guilds based on feeding re-
gime: omnivores (feed on several trophic levels), herbivores, predators,
and detritivores (feed on dead animal and plant material); the division
was based on previous studies (Illig et al., 2005; Moreira et al., 2008;
Moretti et al., 2016) as well as a combined knowledge of the resources
they usually use and their mouthparts (see details in Appendix B).

2.3. Environmental variables assessment

Environmental variables were divided into four different groups
based on the different hypotheses underlying the biodiversity
elevational patterns: (1) Climate included mean annual temperature
(MAT), mean annual temperature range (TVAR), sampling temperature
(TINS), andmean annual precipitation (MAP). (2) Productivity included
woody cover (WOODYCOV), herb cover (HERBCOV), basal area
(BASEA), and litter thickness (LITTERTH). (3) Resource heterogeneity
included woody plant species richness (TSRICH) and herbaceous plant
species richness (HERBRICH). (4) Soil characteristics were further di-
vided into soil physical and chemical characteristics. Soil physical char-
acteristics included soil moisture, bulk density (BULKDEN), soil
conductivity, and soil texture (percentage of clay, silt, and sand); soil
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chemical characteristics included soil pH, total nitrogen (TN) and phos-
phorus (TP) content, available nitrogen (AN) and phosphorus (AP) con-
tent, C:N ratios and C:P ratios (calculated based on the total carbon,
nitrogen, and phosphorus content). Details for measuring the environ-
mental variables mentioned above can be seen in Appendix C and
followed standard procedures.

2.4. Statistical analyses

2.4.1. Estimation of elevational patterns of different feeding guilds in litter
invertebrates

Ordinary least squares regression with a first- or second-order poly-
nomial was used to determine the elevation patterns in richness, abun-
dance, and biomass of different feeding guilds in litter invertebrates.
Abundance and biomass data were log(x + 1) transformed prior to
analysis to improve normality.

The relationships between richness and abundance or biomass of
different feeding guilds were separately estimated in forest and
meadow by Pearson correlation.

2.4.2. Association assessment of richness, abundance, and biomass of litter
invertebrates with environmental variables

We tested the environmental hypotheses by following three steps
using SAM 4.0 (Burnham and Anderson, 2002; Werenkraut and
Ruggiero, 2014). First, we independently assessed each hypothesis in
an exhaustive search. The model with the lowest corrected Akaike's in-
formation criterion value (AICc) was selected as the best single statisti-
cal model. Then, we selected the best predictors in each single
hypothesis by conducting model averaging and calculating the relative
importance (wi) of each environmental variable. Finally, the best com-
posite model was generated by including all important environmental
variables in the best single statistical model and variables with wi N

0.9 in the other models (Burnham and Anderson, 2002). Forest and
meadow elevational gradients were separately evaluated. Spatial
autoregressionwas considered by incorporating eigenvector-based spa-
tial filters calculated from the geographic distances in all the models
(Rangel et al., 2010). AppendixD provides themulti-model inferringde-
tails for the final models.

We quantified the relative contribution of environmental variables
included in the final model and elevation to the variances of richness,
abundance, and biomass in the following four categories: (1) the effect
of environmental predictors alone, (2) the shared effect of environmen-
tal predictors and elevation, (3) the effect of elevation alone, and (4) un-
explained variance (Werenkraut and Ruggiero, 2014).

3. Results

3.1. Composition summary of litter invertebrates in different feeding guilds

In the forest, the abundance and biomass of different feeding guilds
in decreasing order were omnivores, detritivores, predators, and herbi-
vores (Table 1). The richness of herbivores and predators were more
than that of omnivores in the forest, whereas herbivore richness was
more than that of the other three functional groups in the meadow. In
Table 1
Composition summary of litter invertebrates in different feeding guilds along the elevational g

Vegetation Response variable Families/morphospecies

Forest Omnivores 28
Herbivores 33
Predators 33
Detritivores 27

Meadow Omnivores 14
Herbivores 18
Predators 14
Detritivores 13
total, the richness, abundance, and biomass in all feeding guilds in the
forest were all more than those in the meadow.

3.2. Elevational richness, abundance and biomass patterns of litter inverte-
brates in different feeding guilds

Richness, abundance and biomass of the litter invertebrates in all
feeding guilds showed hump-shaped patterns along the entire
elevational gradient (Fig. 1). The hump-shaped patterns were mainly
driven by the variances in the forest, except for the biomass of herbi-
vores, which showed no pattern (Fig. 1j). In the meadow, the richness,
abundance, and biomass of omnivores declined with increasing eleva-
tion (Fig. 1a,e,i), whereas there were no patterns in those properties
for herbivores (Fig. 1b,f,j) and predators (Fig. 1c,g,k). Interestingly,
detritivores showed a repeated hump-shaped pattern in richness
(Fig. 1d), no pattern in abundance (Fig. 1h) and a monotonically de-
creasing pattern in biomass along the elevational gradient in the
meadow.

In the forest, the richness and abundance of different feeding guilds
were significantly positively correlated (Table 2, lower triangular ma-
trix). The biomass of omnivores was also positively related to that of
predators and detritivores, whereas in the meadow (Table 2, upper tri-
angularmatrix), the richness, abundance, and biomass of different feed-
ing guilds were not correlated, except that the richness of omnivores
was significantly positively correlated with that of predators.

3.3. Underlying environmental correlates with elevational richness, abun-
dance, and biomass patterns of litter invertebrates in different feeding
guilds

In the forest, the variances of richness in omnivores, predators, and
detritivores were best explained by litter thickness, which supports
the productivity hypothesis (Table 3). For herbivores, the variances of
both richness and abundance were best correlated with mean annual
precipitation, which supports the climate hypothesis. The abundance
of omnivores was negatively correlated with woody and herbaceous
plant richness (heterogeneity), whereas that of predatorswas positively
correlated with litter thickness (productivity) and that of detritivores
was positively correlatedwithmean annual precipitation andmean an-
nual temperature range (Climate). The variance of biomass in omni-
vores was best explained by litter thickness and basal area, which
supports the productivity hypothesis. For predators and detritivores,
biomass was significantly positively related to soil bulk density and
soil moisture content (soil physical property).

Environmental correlates that accounted for richness, abundance,
and biomass of feeding guilds changed in the meadow. Above the
treeline, the variances of richness and abundance in omnivores were
most explained by the mean annual temperature, supporting the cli-
mate hypothesis (Table 3), whereas the variance of biomass was nega-
tively correlated with soil conductivity (soil physical property). For
herbivores, the richness and abundance variances were best positively
related to herbaceous plant richness, which supports the heterogeneity
hypothesis. The biomass of herbivores was negatively correlated with
soil N content but positively correlated with total P content and C:P
radient in Dongling Mountain.

Orders Classes Individuals Biomass(mg)

14 7 41,875 9,896.18
11 2 812 1,148.43
9 3 1,388 5,904.78
11 5 17,944 8,710.23
7 4 1,923 204.32
7 1 80 31.61
6 3 106 34.64
7 5 565 552.52
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Fig. 1. The richness, abundance, and biomass patterns of litter invertebrates in different feeding guilds along the elevational gradient inDonglingMountain, China. O, omnivores; H, herbivores; Pr, predators; D, detritivores. Bold dark cyan lines indicate
the regression line from a linear model (P b 0.05) for the whole elevational gradient. Black lines indicate the regression lines from a linearmodels (P b 0.05) below and above the treeline, respectively. Vertical dashed lines represent the treeline. Grey
circles represent data observed in forest below the treeline. White circles represent data observed inmeadow above the treeline. (a), (b), (c), and (d) represent the richness patterns of omnivores (O), herbivores (H), predators (Pr), and detritivores
(D) along the elevational gradient, respectively; (e), (f), (g), (h) represent the log(abundance+1) patterns of omnivores (O), herbivores (H), predators (Pr), and detritivores (D) along the elevational gradient, respectively; (i), (j), (k), (l) represent the
log(biomass+1) patterns of omnivores (O), herbivores (H), predators (Pr), and detritivores (D), respectively.
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Table 2
Richness, abundance, and biomass correlation between different feeding guilds of litter invertebrates. Lower triangular matrix represents the Pearson correlations between different func-
tional groups in the forest, while the upper triangularmatrix represents those inmeadow. The table only showed the correlation coefficients which passed the significant test (P b 0.05). O,
omnivores; H, herbivores; Pr, predators; D, detritivores.

Richness O H Pr D Abundance O H Pr D Biomass O H Pr D

O – – 0.51 – O – – – – O – – – –
H 0.34 – – – H 0.27 – – – H – – – –
Pr 0.42 0.29 – – Pr 0.47 0.26 – – Pr 0.26 – – –
D 0.3 0.2 0.36 – D 0.63 0.23 0.34 – D 0.36 – – –
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ratios (soil chemical property). The richness and biomass of predators
were positively related to sand% (soil physical property), whereas abun-
dance was positively correlated with the sampling temperature (cli-
mate). The richness of detritivores was negatively correlated with soil
bulk density (soil physical property), whereas abundance was posi-
tively correlated with herb cover versus biomass with litter thickness
(productivity).

Variance partitioning showed that the environmental predictors in
the forest (Fig. 2), independent of elevation (included in the final
model), accounted for most of the richness, abundance, and biomass
in omnivores, predators, and detritivores. Elevation alone accounted
for most of the richness and abundance of herbivores. In the meadow,
the shared effects of environmental predictors and elevation accounted
for most of the richness, abundance, and biomass of omnivores as well
as for the biomass variance of detritivores. Environmental predictors
accounted for most of the richness and abundance of herbivores, pred-
ators, and detritivores. In total, the unexplained variance in the forest
was higher than in the meadow.
4. Discussion

4.1. Elevational richness, abundance, and biomass patterns of litter inverte-
brates in different feeding guilds across the treeline

We found that omnivores were the most dominant litter inverte-
brates in biomass as well as in richness and abundance (Fig. 1a,e,i).
These results agree with other studies that high omnivory in trophic
levels ismost dominant in the soil communities (Digel et al., 2014). Con-
sistent with previous studies in most biota (Rahbek, 1995; Rahbek,
2005), all feeding guilds showed hump-shaped patterns along the en-
tire elevational gradient. However,whenwe conducted further analyses
we found that these patterns weremainly driven by the forest gradient,
especially for herbivores (Fig. 1b,f,g) and predators (Fig. 1e,g,k), which
showed no patterns along the meadow gradient. This was contrary to
previous results that herbivores should follow the patterns of plant rich-
ness because of their higher levels of dietary specialization than mem-
bers of other feeding guilds (Maraun et al., 2003). Although the
richness and abundance of herbivores was correlated with the herba-
ceous richness, herbivore diversity may have been more driven by
plant identity than richness per se (Schallhart et al., 2012). Predators oc-
cupy higher trophic levels of the soil food web (Scheu and Falca, 2000),
which leads to the decoupling of the relationships with the other feed-
ing guilds in local habitats. Omnivore richness, abundance, and biomass
declined monotonically in themeadow, which suggests that omnivores
contributed to all the decreasing patterns of litter invertebrates along
the meadow elevational gradient (Xu et al., 2017). Interestingly, there
was an obvious break in the richness of detritivores at the treeline. A
hump-shaped pattern was found above the treeline, with the same
trends as below the treeline. In line with previous studies (David and
Handa, 2010), this result suggests detritivores are more sensitive to en-
vironmental change than the other feeding guilds. Considering that
detritivores can quickly colonize in the early succession stages (Scheu
and Schulz, 1996), we infer that the richness pattern break of
detritivores at the treeline may have been caused by their faster
locomotivity when vegetation types abruptly changed.
Our results showed that the richness, abundance, and biomass of
feeding guilds showed similar hump-shaped elevational patterns in
the forest but diverse elevational patterns in the meadow. Compared
with the previous study (Xu et al., 2017), we found that all feeding
guilds contributed to the humped-shaped elevational patterns of the
whole litter invertebrate community in the forest but the declining pat-
terns in the meadow were mainly driven by omnivores. The breaks of
elevational richness and abundance patterns at the treeline (Xu et al.,
2017) were mainly caused by herbivores, predators, and detritivores.
These results suggest that elevational patterns ofmultiple feedingguilds
(such as herbivores and predators) will be masked by those of a few
dominant feeding guilds (omnivores) when investigating elevational
patterns based on the entire litter invertebrate communities.

4.2. Relationships of litter invertebrates between different feeding guilds at
two contrasting ecosystems

Previous studies have suggested that considerable functional redun-
dancy may exist in soil food webs (Lawton et al., 1996), which is more
likely to occur when faunal groups are diverse (Bardgett, 2002). Forest
is thought to support more redundant species than meadow, and we
thus supposed that the trophic interactions were weaker in the forest
compared with that in the meadow. Contrary to our expectations, the
richness and abundance of all feeding guilds were significantly posi-
tively correlated to each other in the forest but not in the meadow
(Table 2). This means that the feeding guilds may have been more con-
nected with each other in the forest than in themeadow. Trophic inter-
actions in litter invertebrates may be more compact and less redundant
(Digel et al., 2014) than previously thought in forest. One possible rea-
son is that the dominant forest type Quercus in our study system
showed little change below the treeline, and, thus provided a relatively
constant resource input across the forest elevational gradient to the soil
foodweb. In linewith a former study (Veen et al., 2017), our results also
support that the connections between functional group levels in the for-
est may have been more than those in the meadow. Another reason
maybe that in themore fertile and stable forest, nutrient cycling and en-
ergy transfer between different trophic levels was less conservative
(bacterial-mediated channels) than in themeadowand linked to tighter
connections (De Long et al., 2016) and higher energy use efficiency
(Wardle et al., 2004) between different feeding guilds of litter inverte-
brates. The coordination differences between different feeding guilds
in the forest and meadow elevational gradients suggest that observed
community responsewithin one ecosystem is not necessarily predictive
for that of other ecosystems (Kardol et al., 2005). Understanding the re-
lationships between feeding guilds under different stress environmen-
tal gradients will have implications for food web modeling in the
context of global change. However, we still need more direct evidence
to prove this inference by using stable isotopes (13C/15N)measurements
of the consumer-prey interactions of soil food webs.

4.3. Associations of environmental correlates with litter invertebrates in dif-
ferent feeding guilds across the treeline

Compared with the heterogeneity, productivity (represented by lit-
ter thickness in Table 3) in our study was more correlated with
elevational richness and the abundance distribution of litter



Table 3
Environmental variables included in the final models to explain the elevational variation in richness, abundance, and biomass of different feeding guilds of litter invertebrates.

Response
variable

FOREST MEADOW

R2 Hypotheses involved More important variables (beta weights) R2 Hypotheses involved More important variables
(beta weights)

O-richness 0.389 Productivity/
Heterogeneity/Soils 1

BASEA(0.236), LITTERTH(0.149),
HERBRICH(-0.216), TSRICH2(-0.207), SILT(-0.119)

0.497 Climate/
Soils 1

MAT(0.603),
CONDUN(-0.454)

O-abundance 0.333 Heterogeneity/
Productivity

TSRICH2(-0.248), HERBRICH2(-0.225),
BASEA(0.245)

0.619 Climate MAT(0.682)

O-biomass 0.357 Productivity LITTERTH(0.5), BASEA(0.241) 0.499 Soils 1 CONDUN(-0.511)
H-richness 0.266 Climate/

Heterogeneity
MAP(0.531),
TSRICH2(-0.205)

0.301 Heterogeneity HERBRICH2(0.685)

H-abundance 0.198 Climate/
Heterogeneity

MAP(0.322),
TSRICH2(-0.175)

0.047 Heterogeneity/
Soils 1

HERBRICH2(0.455),
MOISTURE(-0.43)

H-biomass 0.046 Soils 2 pH(-0.177) 0.315 Soils 2/
Heterogeneity

N(-0.754), TP(0.645), CPratio(0.625),
HERBRICH2(0.413)

Pr-richness 0.444 Productivity/
Soils 1/Heterogeneity/
Soils 2

LITTERTH(0.412),
BULKDEN(0.387), HERBRICH(-0.223), CNratio(0.159)

0.592 Soils 1/
Productivity

SAND(0.779),
HERBCOV(0.735)

Pr-abundance 0.34 Productivity/
Climate/Soils 1

LITTERTH(0.448),
MAT(-0.211), BULKDEN(0.209)

0.628 Climate TINS(0.992)

Pr-biomass 0.199 Soils 1/
Heterogeneity

BULKDEN(0.461), MOISTURE(0.253), SAND(0.144),
HERBRICH(-0.218)

0.549 Soils 1/
Productivity/
Heterogeneity

SAND(0.676),
HERBCOV(0.609), HERBRICH(-0.434)

D-richness 0.299 Productivity/
Soils 1/Heterogeneity

LITTERTH(0.283), WOODYCOV(0.19), CONDUN(0.266),
TSRICH2(-0.201)

0.548 Soils 1/
Climate/Heterogeneity

BULKDEN(-0.457),
MAT(0.438), HERBRICH2(-0.377)

D-abundance 0.31 Climate/
Heterogeneity/Productivity/
Soils 1

MAP(0.916), TVAR(0.796), TINS(-0.255), TSRICH(0.268),
BASEA(0.236), MOISTURE(0.141)

0.329 Productivity/
Climate

HERBCOV(0.487),
TVAR(-0.381)

D-biomass 0.276 Soils 1/
Productivity

MOISTURE(0.418), BULKDEN(0.25), CONDUN(0.133),
LITTERTH(0.232)

0.492 Productivity/
Soils 2

LITTERTH(0.471),
CPratio(0.357)

O, omnivores; H, herbivores; Pr, predators; D, detritivores. BASEA, basal area; BULKDEN, bulk density; CONDUN, conductivity; HERBCOV, herbaceous plant coverage; HERBRICH, herba-
ceous plant richness; LITTERTH, litter thickness; MAP, mean annual precipitation;MAT, mean annual temperature; TINS, the instant temperature during the sampling; TP, total phospho-
rous content; TSRICH,woody plant (including the tree layer and the shrub layer) richness; TVAR,mean annual temperature range;WOODYCOV, woody plant (including the tree layer and
the shrub layer) coverage; Soils 1, soil physical property; Soils 2, soil chemical property. Bold font is used to highlight the single hypothesis most supported by our data.
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invertebrates for omnivores, predators, and detritivores below the
treeline, which is consistent with previous studies on insects
(Woodcock and Pywell, 2010). This result confirms that production
was not only the dominant predictor for an entire litter invertebrate
community (Xu et al., 2017) but may have also played a significant
role across several trophic levels. More productivity means more avail-
able energy and resources for litter invertebrates and supports more di-
verse soil communities and total biomass in different feeding guilds
(Scherber et al., 2014). Woody or herbaceous richnesswas also selected
in the final environmental model with lower weights than litter thick-
ness or basal area, which suggests the secondary importance of resource
heterogeneity in driving richness distribution patterns (Field et al.,
2009). Above the treeline, mean annual temperature (MAT) was most
correlated with omnivores. Temperature may directly affect the meta-
bolic rates at which organisms take up, transform and expend energy
and materials (Brown et al., 2004) and indirectly affect the net nutrient
mineralization and nitrification rates (Sveinbjornsson et al., 1995) to
control food resource availability (Davidson and Janssens, 2006; Fierer
et al., 2005) for omnivores in a disproportionate way in meadows. Soil
physical properties, which replaced productivity as the dominant vari-
ables, correlated with predators and detritivores, with sand% positively
related to predators versus a negative relation of bulk density to
detritivores. We can infer that when an abiotic environment becomes
more harsher with increasing elevation in a meadow, the shelter in
soil for refuge for predators and detritivores in litter invertebrates be-
comesmuchmore important than the other biotic or abiotic factors. An-
other possible reason is that predators and detritivores often have hard
exoskeleton and bigger body size.

Differently than the other feeding guilds, the richness and abun-
dance of herbivores was most correlated with mean annual precipita-
tion (MAP) and woody richness in the forest, in contrast to that of
herbaceous richness in the meadow. We can infer that herbivores in a
meadow are more constrained by direct food resource quality when
water stress is alleviated. Soil P content was positively correlated with
the biomass of herbivores in the meadow, whereas soil total N content
was negatively correlated. This result may suggest that the production
of herbivores may have benefited from the availability of phosphorus
resources in the meadow, which supports the growth rate hypothesis
(the higher the phosphorus availability in the soil, the higher the bio-
mass of large-bodied invertebrates) in line with previous studies in
grassland food webs (Mulder and Elser, 2009). Our results also suggest
that herbivores in the meadow had been more P-based than previously
thought N-based food quality constraints (Masters et al., 1993) with in-
creasing elevation. There may exist other factors that we did not mea-
sure, such as chemical deterrents, which also strongly affect herbivore
diet choice (Schallhart et al., 2012). Consequently, the unexpected neg-
ative correlation between herbivore biomass andN content in this study
should be explained with caution. The present study uses the work of
Xu et al. (2017) but focuses on the litter invertebrate community, differ-
entiating into different feeding guilds to explore the elevational rich-
ness/abundance/biomass patterns and underlying environmental
correlates in the perspective of food web modeling.

The hypothesis discussed above does not exclude other possible
mechanisms that underlie elevational diversity patterns of litter inver-
tebrates, such as mid-domain effects (Wang et al., 2011) and the biotic
disturbance process (Sundqvist et al., 2013). Note that that one draw-
back of this study is that the skewed distribution of sampling plots
across the treeline (approximately a 6-m interval below the treeline
versus a 20-m interval above the treeline). The diversity, heterogeneity,
and complexity of litter invertebrates in forest habitat is much more
than those in meadow; we surveyed more plots in the forest, which
may have somehow affected the absolute value of the model fitting.
However, considering that the essence of sampling interval settings is
to represent the total target population, this difference will not bias
the outcomes of elevational patterns and underlying environmental
correlates. Additionally, most statistics in the present study, except for



Fig. 2.Variance partitioning of environmental variables in the final model and elevation accounting for the variation of richness, abundance, and biomass of litter invertebrates in different
feeding guilds in DonglingMountain, China. (a) Proportion of environmental predictors accounted for independently of elevation, (b) shared effects of elevation and environmental pre-
dictors, (c) spatial variation accounted for by elevation, independently of environmental variables, and (d) unexplained variation. O, omnivores; H, herbivores; Pr, predators; D,
detritivores. Richness, abundance, and biomass are abbreviated to “rich”, “abun”, and “bio”, respectively.
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the assessment of entire elevational patterns, were separately con-
ducted in the forest elevational gradient below the treeline and the
meadow elevational gradient above the treeline. It should also be
noted that our family-based separation approach could not rule out
the possibility that the trophic position of soil biota may change de-
pending on the forest type (Pfeiffer et al., 2014). However, family-
level identification has provided adequate ecological surrogates for spe-
cies when the focus was on functional guilds in temperate ecosystems
(Cardoso et al., 2011). Future studies need to study the spatial distribu-
tion patterns of richness, abundance, and biomass of intra- and inter-
guilds in litter invertebrates and integratemore environmental hypoth-
eses, as well as higher taxonomic resolutions.

5. Conclusion

Our results suggested that all feeding guilds in litter invertebrates
showed hump-shaped patterns in richness, abundance, and biomass
along the entire elevational gradient, primarily driven by the variances
in forest gradient below the treeline. The feeding guilds were correlated
with each other in the forest but not in the meadow. Climate replaced
productivity as the main factor that drove the richness and abundance
patterns of omnivores above the treeline, whereas heterogeneity re-
placed climate for herbivores and soil physical properties replaced pro-
ductivity for predators and detritivores. Our study highlights that the
correlated elevational richness, abundance, and biomass patterns of
feeding guilds are ecosystem dependent and that underlying environ-
mental correlates shifted at the treeline for most feeding guilds. Com-
paring elevational richness and abundance and biomass patterns of
litter invertebrate feeding guilds and their underlying mechanisms as
in the present study,with consideration of different community aspects,
could promote amore accurate understanding of the community and of
the processes driving belowground food web structures under global
change.
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