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Abstract

1. Interactions between distantly related herbivores exert powerful influences on

ecosystems, but most studies to date have only considered unidirectional effects.
Few have simultaneously examined the mutual effects that vertebrate herbivores

and insect herbivores have on one another.

. We conducted a set of manipulative experiments to evaluate the potential com-

petition and facilitation between two pairs of distantly related herbivore taxa: an
insect caterpillar (Gynaephora alpherakii) and two large vertebrate herbivores, yak

(Bos grunniens) and Tibetan sheep (Ovis aries tibetica).

. We found that these large herbivores consistently increased the density of cat-

erpillars likely by improving the habitat for caterpillars. The caterpillars, in turn,
decreased yak but increased Tibetan sheep foraging time and intake bites by dif-
ferently changing available food resources of the two large herbivores. Diet pref-
erences of herbivores modified the habitat and food resources, thereby causing a
diet-mediated competition between yak and caterpillars, and facilitation between
sheep and caterpillars. The vertebrate herbivores non-feeding upon Lamiophlomis
rotata and Gentiana straminea, the caterpillars preferred habitat, increased densi-
ties of the two plant species, thus favouring the caterpillars. In turn, the caterpil-
lar preference for Kobresia pygmaea significantly reduced food resources for yak,

while promoting food resources (multiple forbs) for sheep.

4. Synthesis. Our study indicates that two different mechanisms (the changes in habi-

tat and food availability) induced by herbivore foraging jointly determine com-
petitive and facilitative interactions between distantly related herbivore species.
We also suggest that examining the bi-directional effects between herbivores of-
fers a better understanding of competition and facilitation in terrestrial animal

communities.
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1 | INTRODUCTION

Interactions among herbivores play a central role in maintaining
community structure and ecological functioning (Kimuyu et al.,
2017; Koerner et al., 2018; Strauss, 1991). However, the vast ma-
jority of studies of herbivore-herbivore interactions only consider
affects in one direction (Odadi, Karachi, Abdulrazak, & Young, 2011;
Bakker, Doerescu, Straile, & Holmgren, 2013, but see Zhong et al.,
2014; Dangles, Herrera, Carpio, & Lortie, 2018). Facilitation, for ex-
ample, is usually identified as the positive effect of species A on B,
without a concurrent assessment of species B on A. Nevertheless,
the interactions between two species should have a ‘bi-directional
effect’, and facilitation is identified only when encounters between
organisms benefit at least one of the participants and cause harm to
neither (Bruno, Stachowicz, & Bertness, 2003). Therefore, simulta-
neously examining the effects of herbivores on each other can give
us a clearer understanding of competition versus facilitation in eco-
logical animal communities.

In recent decades, interspecific interactions among distantly re-
lated herbivores have been increasingly identified, and both com-
petition (Denno, McClure, & Ott, 1995; Ohgushi, 2005; Wilkerson,
Roche, & Young, 2013) and facilitation (Bakker, OIff, & Gleichman,
2009; Kuijper, Beek, Wieren, & Bakker, 2008) have been found.
However, the majority of such studies have classically investi-
gated the effects of large herbivores on smaller ones (Poelman,
Broekgaarden, Loon, & Dicke, 2008; Pringle, 2008). For example,
large mammalian herbivores depress small rodents or invertebrate
herbivores that rely on host plants in the Africa savanna (Keesing,
1998), an alpine meadow (Steen, Mysterud, & Austrheim, 2005)
and a coastal dune community (Huntzinger & Cushman, 2008).
Additionally, larger herbivores successively facilitate smaller herbi-
vores by improving or stimulating growth of higher quality forage
(Gordon, 1988). Since the concept of ‘indirect interaction webs’ was
presented (Ohgushi, 2005), ecologists found that small herbivores
such as herbivorous insects are an overlooked, but potentially im-
portant factor that indirectly influenced the foraging behaviour of
large herbivores. For example, a species of caterpillar increased a
pika's actively selected areas (Barrio, Hik, Peck, & Bueno, 2013),
and grasshoppers benefitted sheep foraging time during the peak
of vegetation growing season (Zhong et al., 2014). Despite these
suggestive results, the mechanisms to answer how small herbivores
alter large herbivore performance, especially how insect herbivores
affect mammalian herbivores remains fragmentary at best.

Herbivores may interact with each other via a variety of mecha-
nisms, and they may engage in some combination of competition or
facilitation when they both share the same plant resources or occupy
the same space. Experimental investigations across different habi-
tats have revealed that herbivores affect each other mainly by two
key ways: trophic resource availability (McNaughton, 1976; Murray &
lllius, 2000) and habitat structure (Sendoya & Oliveira, 2015; Torre et
al., 2007; Woodcock & Pywell, 2009; Davidson et al., 2010). One her-
bivore species can induce plant compensatory growth by foraging and
cause changes in the quantity or quality of its host plant, thus having

important consequences for another herbivore species using the same
host (McNaughton, 1983; Odadi et al., 2011). Some herbivore species
can act as ‘ecosystem engineers’ through their foraging, trampling and
burrowing activities (Jones, Lawton, & Shachak, 1997) and strongly
modify the habitat structure for other species (Bakker et al., 2009;
Davidson & Lightfoot, 2007; Li et al., 2019). Some larger herbivorous
insects like leafroller caterpillars benefit small aphid by providing leaf
shelters (Nakamura & Ohgushi, 2003). Additionally, herbivores can
interact with each other through sharing the same natural enemies,
which could increase or decrease the predation risk (Holt & Lawton,
1994; Schmitz, 2008). Moreover, herbivores may affect each other
by direct means (Berman, Ben-Ari, Glasser, Gish, & Inbar, 2017; Gish,
Ben-Ari, & Inbar, 2017). For example, in the semi-natural grasslands
of the Netherlands, high grazing intensity of sheep increased the nest
damage and mortality of the caterpillars by incidental ingestion (van
Noordwijk, Flierman, Remke, Wallisdevries, & Berg, 2012).

The Qinghai-Tibetan plateau, known as ‘the third pole’ in the
world, extends 2.5 million km?, approximately 25% of the area of
China, and provides a unique environment for a wide variety of al-
pine flora and fauna. Alpine meadow, covering about 35% of the pla-
teau, is the representative vegetation and main pastureland in the
area (Cao etal.,, 2015). The generalist caterpillars of the tussock moth
Gynaephora alpherakii, yak Bos grunniens and Tibetan sheep Ovis aries
tibetica are the most important herbivores that have coexisted for
thousands of years. These herbivores play a vital role in maintaining
community structure and ecological functioning of alpine meadow
grassland (Cao et al., 2015). Nevertheless, the interactions among
those herbivores remain unstudied.

Here, we conduct a set of manipulative field experiments to ex-
amine the simultaneous effects among two large vertebrate herbi-
vores (yak and Tibetan sheep) and an insect herbivore (caterpillars)
with different diet preferences to evaluate the competitive or facil-
itative interactions among them. Previous works have shown that
caterpillars and yak prefer to consume the dominant sedge Kobresia
pygmaea (Ding, Long, Wang, & Shang, 2006; Wan & Zhang, 2006).
We hypothesized that caterpillars and yak exert a competitive in-
teraction because of food competition between them. In contrast,
Tibetan sheep prefer forbs (Ding et al., 2006). Caterpillar preference
for dominant sedge K. pygmaea might reduce the plant-plant com-
petition with forbs, thus increase biomass of forbs and thereby fa-
cilitate Tibetan sheep foraging for preferred forbs. Similarly, sheep
preference for forbs might further facilitate caterpillars foraging
for K. pygmaea, which may be released from forb competition. We
therefore hypothesized that caterpillars and Tibetan sheep exert a
facilitative interaction. Additionally, the caterpillars prefer to live
in two broadleaf forbs, Lamiophlomis rotata and Gentiana straminea
(personal observations, see Figure S1), which were rarely eaten
by yak or Tibetan sheep (Table S1). Therefore, grazing by yak and
Tibetan sheep for other plant species might release the competition
with the two broadleaf forbs, which could increase their density
and potentially improve habitat for caterpillars. We tested these
hypotheses by measuring consumer and vegetation responses to
various combinations of herbivores and then discuss the underlying
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mechanisms related to habitat and food resource availability based

on herbivore diets.

2 | MATERIALS AND METHODS

2.1 | Study site and background

We conducted our research at the Alpine Grassland Ecological
Research Station of Tsinghua University-Qinghai University located
in Qinghai-Tibetan plateau (33°20'N, 97°25'E, 4,290 m above sea
level), Qinghai Province, China, for 2 years. This study site has a con-
tinental alpine climate, with severe and long winters and short cool
summers. The annual mean temperature is around -4.4°C (ranging
from -13.3°C in January to 9.2°C in July), and annual mean precipi-
tation is about 430 mm, with 70% falling in June-August. The soil is
classified as Mat Cry-gelic Cambisols (Cao et al., 2004).

The native grassland at the study site was dominated by the pe-
rennial sedge K. pygmaea. Other major species included sedges such
as Kobresia tibetica, Kobresia humilis and Carex scabrirostris; grasses
such as Stipa aliena, Poa patensis and Elymus nutans; and forbs such
as Aster flaccidus, Potentilla discolor and Saussure stella. The broadleaf
forbs, L. rotata and G. straminea, were evenly distributed across the
grassland. The site has been supporting pastoralism of domesticated
yak B. grunniens, Tibetan sheep O. aries and Tibetan horse Equus ca-
ballus tibetica for several thousand years, and yak and Tibetan sheep
are the two main domestic herbivores. The caterpillar, G. alpherakii,
is the most important herbivore insect and was abundant during
all years at the study site (Figure S1). Caterpillar eggs hatch in late
summer and early fall and overwinter as first instars. Caterpillars
grow quickly from late spring to middle summer (early May to middle
August) and are highly visible. They pupate, metamorphose into tus-

sock moths and reproduce in late summer (Yan, Wang, & Liu, 2006).

2.2 | Experimental design and management

We established a manipulative field grazing experiment in the study
site in 2013. The experiment employed a randomized block design
and consisted of nine plots with similar vegetation characteristics and
initial caterpillar densities arranged in three blocks of three (measured
before the experiment, see Table S2). The blocks were parallel to each
other, with a distance of 50 m from neighbouring blocks. Each plot
was 100 x 100 m in size and fenced with barbed wire. Neighbouring
plots within blocks were separated by 30 m (see Figure S2). Each plot
within a block was randomly assigned to receive one of the follow-
ing treatments: yak grazed, Tibetan sheep grazed and vertebrates
excluded (control). Grazing was maintained at a moderate intensity in
each herbivore treatment (approximate 50% of above-ground plant
biomass removal during the growing season), which was achieved
by 9 yaks (c. 350 kg) in yak-grazed plot and 45 Tibetan sheep (c. 50 kg)
in sheep-grazed plot. The manipulated grazing season was similar to
the season for free grazing in this region: from the second week of
June through the last week of September. Grazing activity lasted for
12 hr (from 06:00 hr to 18:00 hr) on each day.

In May 2013, we designated four pairs of 5 x 5 m subplots on
each plot (a total of 36 pairs of subplots at the study site). Each
pair of subplots consisted of a randomly selected caterpillars-pres-
ent and a caterpillars-absent treatment (see Figure S2). The cater-
pillars-absent subplots were hand-sprayed twice a week or after
heavy rains with a commercially available imidacloprid pesticide
(10 ppb imidacloprid solution, 10 ml of solution diluted in 1 L of
water) which was effective against caterpillars (see Table S3 and
Table S4) and widely used for decades in this region. Additionally,
the imidacloprid had no effect on the growth of plant (see Table
S5). The caterpillars-present subplots were also hand-sprayed only
with water at the same time with caterpillars-absent subplots.
Inspections were made between insecticide treatments on the
exclusion plots, and any caterpillars observed on these plots were
removed. The caterpillar exclusion manipulation was from the third
week of May through the second week of August. The manipula-
tion was repeated in 2014.

2.3 | Diet preference of large herbivores (yak and
Tibetan sheep) and caterpillars

In August 2014, we measured the diet selection of large herbi-
vores at the plot scale. Four 40-m linear transects were laid out in
each grazed plot (except in the four pairs of 5 x 5 m subplots), and
ten 0.5 x 0.5 m quadrats spaced 4 metres apart were placed along
each transect. We measured the percentage of plant species (P) of
each transect. We recorded and assigned with a value of one for
each plant species in the quarter and then summed the values of
each species per transect (each recorded species of the transect
obtained a value from 1 to 10, denoted ‘V’). The percentage of each
species among all recorded species in the transect was calculated
by the following equation: P = Vi/Z:’:lVi, where V, is the summed
value of the species i in the transect, and n is the number of all
recorded species in the transect. Additionally, we measured the
grazing frequency (GF) of each plant species eaten by the herd in
the transect. We recorded species eaten by the animals by indirect
observations (direct observations were not possible because yak
and Tibetan sheep did not allow close approach). We waited until
the herd had fed and moved away from the quarter and then vis-
ited the quarter and recorded the eaten species from the feeding
signs (Mishra, Wieren, Ketner, Heitkdnig, & Prins, 2004, see Figure
S3). This allowed an identification of plant species fed upon by the
animals. We assigned with a value of one for grazed plant spe-
cies, and zero for untouched species in the quarter. We summed
the values of each plant species per transect (each plant species
in the transect obtained a value from O to 10, denoted ‘GV’). The
grazing frequency of each plant species in the transect was calcu-
lated by the following equation: GF = GVi/ZleGV,-, where GV, is the
summed value of the species i in the transect, and n is the number
of species recorded in the transect. We used a selectivity index
(SI) to describe diet preference of yak and Tibetan sheep. Sl was
calculated based on the following equation: S| = GF/P. The average
Sl for the four transects in each plot was then used in analyses.
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On a sunny day in early August 2014, we investigated the diet
selection of caterpillars. Firstly, the percentage of plant species (P)
in each ungrazed plot were measured by using the same method
with grazed plot (see above). We then investigated the percent-
age of feeding time (PFT) on each species eaten by caterpillars.
We randomly chose nine caterpillars from ungrazed plots (three
caterpillars in each plot) and installed an identifying red paint
mark on their backs and abdomens to facilitate observation. We
recorded the caterpillar feeding time on different plant species,
and all individuals were observed for 8 hr continuously from 09:00
to 17:00. The percentage of feeding time (PFT) on each species
eaten by caterpillars was calculated using the following equation:
PFT = FT,./Z,f'leT,-, where FT;is the total feeding time on plant spe-
cies i for the observation period, and n is the number of species
eaten by caterpillars. The selectivity index (SI) was calculated
based on the following equation: SI = PFT/P. Similarly, the Sl rep-
resented preference of caterpillars. We used the average Sl for the
three caterpillars in each plot for the analyses.

2.4 | Effects of large herbivores on
caterpillar density

From 5 June to 11 August 2014, we surveyed caterpillar density
weekly both in large herbivore-grazed and ungrazed plots (total of
11 times during the experiment). Two 100-m lines between the plot
corners were placed in each plot, and six 1 x 1 m quadrats were
evenly placed along each diagonal line. We walked along each tran-
sect and counted the number of caterpillars in each quadrat, and
then calculated the average density across the two transects in each
plot. The sum of the 11 counts in each plot was used for the analyses.

2.5 | Effects of large herbivores on main food
resources and habitat of caterpillars

In mid-August 2014, we measured the biomass of the dominant plant
species K. pygmaea in twelve 0.5 x 0.5 m quadrats along the two
diagonal lines in each plot. We clipped, dried and weighted weighed
the plants at 60°C for 48 hr to estimate plant biomass per square
metre.

In late August 2014, we randomly placed five 5 x 5 m quadrats in
each plot (except in the four pairs of 5 x 5 m subplots) and counted
the number of L. rotata and G. straminea plants in each quadrat. The
five samples were then used to estimate the density of the two spe-

cies per square metre.

2.6 | Effects of caterpillars on the foraging
behaviour and food resources of large herbivores

In early August 2014, we measured the foraging time (total sec-
onds within the hour that the herbivores fed) and intake bites (bites
within the hour that the herbivores fed) by yak and Tibetan sheep in
each subplot in the large herbivore-grazed plots. The observations
of large herbivore foraging behaviours were conducted twice daily

(08:00-10:00 in the morning and 15:00-17:00 in the afternoon),
for a total of 4 hr each day. The observations lasted for 3 days. The
total foraging time and intake bites for a continuous 2 hr observation
were recorded.

In mid-August 2014, we measured the biomass of K. pygmaea
and forbs including A. flaccidus, P. discolor and S. stella by randomly
selecting three 0.5 x 0.5 m quadrats in each subplot. The sampling
methods were the same as described above.

2.7 | Statistical analyses

To test the diet preference (selectivity index) of large herbivores and
caterpillars, we used linear mixed effect model (LMM) with selectivity
indexincluded as response variables and plant species as a fixed effect
while block as a random effect for each herbivore separately; mul-
tiple comparisons between plant species were performed by Tukey
tests for each herbivore. We used LMMs to test the effects of large
herbivore grazing on caterpillars and plants; total density of caterpil-
lars and biomass of K. pygmaea, density of L. rotata and G. straminea
were included as response variables separately; grazing treatment
was included as a fixed factor and block as a random factor; Tukey
tests between treatments comparisons were performed after each
LMM. To test the relationship between caterpillars and the broadleaf
forbs, we used a simple linear model to regress the total density of
caterpillars against the density of plant species including L. rotata and
G. straminea separately with all plot-scale samplings in the site. To test
the impacts of caterpillars on plants (including biomass of K. pygmaea
and the three forbs comprising A. flaccidus, Polygonum sibiricum and
S. stella) within each grazing treatment plots (control, yak grazed and
sheep grazed) separately, we used LMMs with caterpillar treatment
as a fixed effect while block and paired subplots as random effects.
To test the impacts of caterpillars on large herbivore foraging behav-
iours (including intake bites and foraging time), we used LMMs with
caterpillar treatment as a fixed effect while block and large herbivore
individual (considering the possible foraging variation between indi-
viduals) as random effects for each herbivore species separately. For
all models, residual plots were visually inspected to ensure no obvi-
ous deviations from homoscedasticity or normality. If not, response
variables were transformed by log or square root to meet the model
assumptions. All analyses were performed with software R version
3.5.3 (R Core Team, 2019).

3 | RESULTS

3.1 | Diet preference of large herbivores and
caterpillars

Diet preference of yak and Tibetan sheep differed substantially in
our study site (Figure 1). Yak particularly preferred the dominant
species K. pygmaea (SlI: 1.27 + 0.14), followed by S. aliena, P. discolor,
S. stella and A. flaccidus (SI: 0.68 + 0.11, 0.56 + 0.04, 0.48 + 0.04 and
0.47 £ 0.04, respectively). In contrast, Tibetan sheep preferred the
forbs, A. flaccidus, P. discolor and S. stella (SI: 1.46 + 0.06, 1.36 + 0.06
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FIGURE 1 Selectivity index of the main plant species foraged by
yak, sheep and caterpillars. Different letters above the bars indicate
significant difference for each herbivore at p < .05. Error bars
represent + SE. Value of selectivity index above 1 means preferred
select, equal 1 means neither preferred nor against, and below 1
means selected against

and 1.21 £ 0.11, respectively). Caterpillars predominantly consumed
K. pygmaea (SI: 1.44 + 0.11; Figure 1).

3.2 | Effects of large herbivores on
caterpillar density

The density of caterpillars was significantly affected by the large
herbivores (F = 226.40, df = 2, 4, p < .001). Large herbivore plots
had significantly higher caterpillar densities compared with un-
grazed plots (Figure 2a). The total density of caterpillars was
35% and 21% higher in yak- and Tibetan sheep-grazed plots, re-
spectively, than the control. The dynamics of caterpillar density
showed a clear pattern over time and generally increased from 5
June to 10 July to a peak level and then sharply declined by 11
August (Figure 2b).

3.3 | Effects of large herbivores on main food
resources and habitat of caterpillars

Yak and Tibetan sheep had significant effects on above-ground bio-

mass of food resources, K. pygmaea, for the caterpillars (Figure 3a).

The biomass of K. pygmaea was consistently lower on grazed plots
than ungrazed plots in August 2014 (F = 52.92, df = 2, 4, p = .001;
Figure 3a). The biomass of K. pygmaea on yak- and sheep-grazed
plots was only 27% and 53% compared with the control. Additionally,
yak-grazed plots had significant lower biomass of K. pygmaea than
sheep-grazed plots.

Yak and sheep grazing significantly increased the densities of
L. rotata and G. straminea. The densities of L. rotata and G. straminea
were higher on the yak-grazed plots than Tibetan sheep-grazed
plots (F = 46.02, df = 2, 4, p = .002, for L. rotata; F = 45.49, df = 2, 4,
p =.002, for G. straminea; Figure 3b,c). The densities of L. rotata and
G. straminea were 97% and 80% higher in yak-grazed plots, respec-
tively, than the control, and 67% and 32% higher in sheep-grazed

plots, respectively, than the control.

3.4 | Relationships of caterpillars with L. rotata and
G. straminea

Regression analysis revealed that the density of caterpillars was
positively related to the density of L. rotata (adjusted R? = 0.888,
F=64.44,df=1,5,p <.001; Figure 4a) and G. straminea (adjusted
R%? = 0.854, F = 47.68, df = 1, 5, p = .001; Figure 4b) in the nine
plots.

3.5 | Effects of caterpillars on the foraging
behaviour of larger herbivores

Caterpillars had opposite effects on the foraging behaviour of yak
and sheep (Figure 5). The foraging time and intake bites of yak sig-
nificantly decreased in the subplots in the presence of caterpillars
(foraging time: F = 6.70, df = 1, 23, p = .016; Figure 5a; intake bites:
F=6.91,df =1, 23, p = .015; Figure 5b). The foraging time and in-
take bites of yak were 18% and 20% lower in caterpillar-present
subplots, respectively, than caterpillar-absent subplots. In contrast,
Tibetan sheep had significant higher foraging time and intake bites
in the subplots where caterpillars remained (foraging time: F = 18.75,
df = 1, 23, p < .001; Figure 5a; intake bites: F = 14.97, df = 1, 23,
p < .001; Figure 5b). The foraging time and intake bites of sheep
were 22% and 20% higher in caterpillar-present subplots, respec-

tively, than caterpillar-absent subplots.

& 400 @ 60 ®) .
§_ 50 —o— Sheep
2 300 —v— Control
z., 40
2
FIGURE 2 Density of caterpillars. (a) g 2007 30
Total density in different herbivore-grazed = 2
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plots during the study period. Different 8
0 - 0

letters above the bars indicate significant
difference at p < .05. Error bars
represent + SE
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FIGURE 3 Effects of large herbivores on the main food
resources and habitat of caterpillars. Biomass of Kobresia pygmaea
(a), density of Lamiophlomis rotata (b) and density Gentiana straminea
(c). Different letters above the bars indicate significant difference at
p < .05. Error bars represent + SE

3.6 | Effects of caterpillars on available food
resources of large herbivores

Caterpillars had significant but opposite effects on the biomass of
K. pygmaea and forbs (Figure 6). The biomass of K. pygmaea was sig-
nificantly lower when caterpillars were present in the subplots of the
all plots (F = 25.12, df = 1, 11, p < .001; Figure 6a). The biomass of
K. pygmaea in caterpillar-present subplots was 70%, 73% and 80%,
respectively, in yak-grazed plots, sheep-grazed plots and controls
than those in caterpillar-absent subplots. In contrast, the biomass
of forbs A. flaccidus, P. sibiricum and S. stella was higher in subplots
when caterpillars were present (F = 200.69, df = 1, 11, p < .001;

Figure 6b). The biomass of forbs in caterpillar-present subplots in-
creased by 25%, 34% and 56% in yak-grazed plots, sheep-grazed
plots and controls, respectively, relative to those in caterpillar-ab-

sent subplots.

4 | DISCUSSION

Our results suggest that the caterpillars exerted a positive inter-
action with Tibetan sheep and a negative interaction with yak and
demonstrate the bi-directional effects between distantly related
herbivore species in our system. Most previous studies on potential
interactions between distantly related herbivores have examined
the effects of vertebrate herbivores on insect herbivores and an-
nounced a facilitation or competition based on the outcome (see
Introduction above). In this study, both yak and Tibetan sheep had
a positive effect on the density of caterpillars (Figure 2), which tra-
ditionally would be identified as a facilitation interaction between
the vertebrate and invertebrate herbivores if only the effect in one
direction was considered. However, we found that caterpillars posed
a significant positive effect on Tibetan sheep while a negative effect
on yak due to diet differences between yak and sheep (Figure 5).
Caterpillars and sheep demonstrated a two-way facilitation, while
caterpillars and yak demonstrated facilitation for the insect and
competition towards the mammal. Our study therefore provides
evidence of the complexity of interactions between distantly re-
lated herbivores by testing bi-directional effects in terrestrial animal
communities.

Our study further showed that diet preference by herbivores
determined the competitive or facilitative interactions between
distantly related herbivores. Moreover, the interactions between
vertebrate herbivores and insect herbivore were driven mainly by
two different mechanisms. Large herbivores affected the insect her-
bivore by modifying habitat, while insect herbivore affected large
herbivores by changing the available food quantity.

4.1 | Effects of vertebrate herbivores on
insect herbivores

The positive effects of large herbivores (yak and sheep) on
insect herbivores (caterpillars) in this study were initially hy-
pothesized a result of the increased food availability or habitat
modification. However, we found that yak grazing significantly
reduced the biomass of K. pygmaea as predicted due to its high
preference for K. pygmaea (Figure 1). Furthermore, Tibetan
sheep grazing also reduced the biomass of K. pygmaea even
though it was seldom selected (Figure 3a). The large herbivore
foraging-induced reduction in biomass of K. pygmaea, the most
important food source for caterpillars, therefore could have
negatively affected density of caterpillars yet it did not. Thus,
altered (i.e. reduced) food resources for the caterpillars cannot
explain the indirect positive effects of large herbivores on cat-
erpillars. In our study system, L. rotata and G. straminea are the
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FIGURE 5 Foraging behaviour of large herbivores in caterpillar-
absent and present subplots. (a) Total intake bites. (b) Total foraging
time. Different letters above the bars indicate significant difference
at p < 0.05 within each large herbivore grazing treatment. Error
bars represent + SE

main shelter habitat for caterpillars. As predicted, both yak and
Tibetan sheep grazing significantly increased the densities of
the two broadleaf forbs, which could positively affect density
of caterpillars (Figure 3b,c). We also found that the densities of
the two plant species were significantly and positively related to
that of the caterpillars (Figure 4). Therefore, rather than avail-

able food resources, we argue that change in habitat was more

Treatment

FIGURE 6 Food resources of large herbivores in caterpillar-
absent and present subplots. Above-ground biomass of (a) Kobresia
pygmaea and (b) forbs Aster flaccidus, Polygonum sibiricum and
Saussure stella. Different letters above the bars indicate significant
difference at p < .05 within each large herbivore treatment. Error
bars represent + SE

important in mediating the net effects of large vertebrate her-
bivores on insect herbivores. Diet selection by caterpillars may
also have changed in grazed plots, with positive impacts, but we
did not quantify this.
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There are also some other potential mechanisms that could
be important in explaining the impacts of large herbivores on the
smaller species. For example, large herbivores may change the
chemical composition of food plant, such as induced secondary
growth on their host plant, improving nutrient quality, which could
benefit small herbivores sharing the same plant (Bakker et al., 2009;
van Klink, van der Plas, van Noordwijk, WallisDeVries, & OIff, 2015).
Large herbivores may also facilitate insect herbivores by breaking
down the associational plant defences, making the host plant more
susceptible to insect herbivores (Frenette-Dussault, Shipley, &
Hingrat, 2013; Zhong et al., 2014), and by reducing the abundance
of predators (Schmitz, 2008). These hypothetical mechanisms are
beyond the scope of our present study, although further experi-
ments are underway to evaluate these multiple indirect effects.
In summary, while negative effects of larger herbivores on smaller
ones may be common (Foster, Barton, Lindenmayer, & Toit, 2014;
Takagi & Miyashita, 2014), our results suggest that the facilitation
between distant related herbivores may be prevalent in some eco-
logical communities.

4.2 | Effects of insect herbivores on
vertebrate herbivores

As expected, the caterpillars reduced the biomass of the dominant
species, K. pygmaea (Figure 6a), the main food resource for yak and
caterpillars, thus negatively affecting yak foraging. Nevertheless, cat-
erpillar preference for K. pygmaea increased the biomass of forb spe-
cies A. flaccidus, P. sibiricum and S. stella, as the main food for Tibetan
sheep, thereby increasing the available food resources for sheep.
Therefore, in this study the caterpillars indirectly facilitated sheep
grazing and competed with yak by distinctively changing available

FIGURE 7 A conceptual model
showing the reciprocal interactions
between caterpillars and yak or Tibetan
sheep by changing food resources or
habitat structure based on their diet
preferences. The + and - symbols

indicate positive and negative effects,
respectively. The upwards and downwards
(red) arrows indicate increase and
decrease, respectively. Dashed lines mean

Food T mechanisms, and solid lines mean results
resource
\

(positive or negative effects). Blue lines
indicate the effects of large herbivores

\ on caterpillars and green lines mean that
\ caterpillars on large herbivores

Tibetan sheep

food quantity for large herbivores—yak and sheep. Additionally, her-
bivorous insects can induce secondary growth on their host plants,
making more nutritious, new-growth tissues available to other herbi-
vores (Utsumi & Ohgushi, 2008). However, we are not sure whether
insect herbivore could change the chemical composition of food
plants, such as altering nutritive value, and thus affecting other
herbivores.

In alpine meadow grasslands of Qinghai-Tibetan Plateau, grassland
degradation has increasingly become a serious problem. The declining
of biodiversity provision, carbon sequestration, water retention and
pastoral production caused by grassland degradation have been neg-
atively affected not only the local pastoralists but also the ecological
safety (Dong et al., 2015). Our results suggest that the effects of small
herbivorous insects on large herbivores should receive more atten-
tion in these degraded grassland ecosystems. Furthermore, the ob-
served patterns may be more complex when more herbivore species
are included, for example the common small mammal lagomorphs of
high-altitude grasslands, the Plateau pika (Ochotona curzoniae). Future
research should comprehensively investigate the interactions among

multiple herbivores including this small burrowing mammal.

5 | CONCLUSIONS

Testing the bi-directional effects between herbivores is necessary
to understand the structure of herbivore assemblages and the facili-
tative or competitive interactions between them. Distantly related
herbivores affect each other in different ways: in this study system,
large herbivores affected small herbivore insects mainly through
modifying habitat structure and small herbivore insects affected
larger herbivores by changing their food quantity (Figure 7). Our
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study indicates that interactions between distantly related herbivo-
rous species in terrestrial animal communities are complex and that
animal diet preference is viewed as a good predictor for the facilita-
tive or competitive interaction between distantly related herbivores.
Clearly, examining the effects of herbivores on each other simulta-
neously is essential to our understanding of competition and facilita-
tion in terrestrial animal communities.

ACKNOWLEDGMENTS

We thank Jie Li and Peijie Ma for assisting the field work. This
project was supported by National Natural Science Foundation of
China (Numbers 31772652, 31770520), the Program for Introducing
Talents to Universities (B16011), the National Key Research and
Development Program of China (2016YFC0500602) and the Ministry

of Education Innovation Team Development Plan (2013-373).

AUTHORS' CONTRIBUTIONS

D.P. and X.L. contributed equally to this work. L.W., D.W. and D.P.
designed the research and wrote the draft manuscripts. D.P., X.L.,
K.D. and C.G. performed the research and analysed data. Q.G. and
T.R.S. commented on draft manuscripts. Z.Z. and H.Z. developed the
figures. Z.S. contributed to data collection. All authors edited the
manuscript.

DATA AVAILABILITY STATEMENT

Data are available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.g01j27q (Pan et al., 2019).

ORCID

Xincheng Li https://orcid.org/0000-0002-0504-2993
Ling Wang https://orcid.org/0000-0002-2276-9529
Deli Wang https://orcid.org/0000-0001-6576-9193
Hui Zhu https://orcid.org/0000-0003-0348-5560
REFERENCES

Bakker, E. S., Doerescu, |., Straile, D., & Holmgren, M. (2013). Testing
the stress gradient hypothesis in herbivore communities: facilitation
peaks at intermediate nutrient levels. Ecology, 94(8), 1776-1784.
https://doi.org/10.1890/12-1175.1

Bakker, E. S., OIff, H., & Gleichman, J. M. (2009). Contrasting effects
of large herbivore grazing on smaller herbivores. Basic and Applied
Ecology, 10, 141-150. https://doi.org/10.1016/j.baae.2007.10.009

Barrio, I. C., Hik, D. S., Peck, K., & Bueno, C. G. (2013). After the
frass: Foraging pikas select patches previously grazed by cat-
erpillars. Biology Letters, 9, 201-209. https://doi.org/10.1098/
rsbl.2013.0090

Berman, T. S., Ben-Ari, M., Glasser, T. A., Gish, M., & Inbar, M.
(2017). How goats avoid ingesting noxious insects while feed-
ing. Scientific Reports, 7, 14835. https://doi.org/10.1038/
s41598-017-14940-6

Bruno, J. F., Stachowicz, J. J., & Bertness, M. D. (2003). Inclusion of fa-
cilitation into ecological theory. Trends in Ecology and Evolution, 18,
119-125. https://doi.org/10.1016/50169-5347(02)00045-9

Cao, G, Tang, Y., Mo, W., Wang, Y., Li, Y., & Zhao, X. (2004). Grazing
intensity alters soil respiration in an alpine meadow on the Tibetan
Plateau. Soil Biology & Biochemistry, 36, 237-243. https://doi.
org/10.1016/j.s0ilbio.2003.09.010

Cao, H., Zhao, X., Wang, S., Zhao, L., Duan, J., Zhang, Z., ... Zhu, X. (2015).
Grazing intensifies degradation of a Tibetan Plateau alpine meadow
through plant-pest interaction. Ecology and Evolution, 5(12), 2478-
2486. https://doi.org/10.1002/ece3.1537

Dangles, O., Herrera, M., Carpio, C., & Lortie, C. J. (2018). Facilitation
costs and benefits function simultaneously on stress gradients for
animals. Proceedings of the Royal Society B: Biological Sciences, 285,
20180983. https://doi.org/10.1098/rspb.2018.0983

Davidson, A. D., & Lightfoot, D. C. (2007). Interactive effects of
keystone rodents on the structure of desert grassland ar-
thropod communities. Ecography, 30, 515-525. https://doi.
org/10.1111/j.0906-7590.2007.05032.x

Davidson, A. D., Ponce, E., Lightfoot, D. C., Fredrickson, E. L., Brown,
J. H., Cruzado, J., & Ceballos, G. (2010). Rapid response of a grass-
land ecosystem to an experimental manipulation of a keystone ro-
dent and domestic livestock. Ecology, 91(11), 3189-3200. https://doi.
org/10.1890/09-1277.1

Denno, R. F., McClure, M. S., & Ott, J. R. (1995). Interspecific interactions
in phytophagous insects: Competition reexamined and resurrected.
Annual Review of Entomology, 40, 297-331. https://doi.org/10.1146/
annurev.en.40.010195.001501

Ding, L., Long, R., Wang, C., & Shang, Z. (2006). Grazing behavior of lac-
tating and non-lactating yaks in the summer season of the Qinghai-
Tibetan Plateau. Israel Journal of Ecology & Evolution, 52, 141-149.
https://doi.org/10.1560/1JEE_52_2_141

Dong, S., Wang, X., Liu, S., Li, Y., Su, X., Wen, L., & Zhu, L. (2015).
Reproductive responses of alpine plants to grassland degrada-
tion and artificial restoration in the Qinghai-Tibetan Plateau.
Grass and Forage Science, 70, 229-238. https://doi.org/10.1111/
gfs.12114

Foster, C. N., Barton, P. S., Lindenmayer, D. B., & Toit, J. D. (2014). Effects
of large native herbivores on other animals. Journal of Applied Ecology,
51, 929-938. https://doi.org/10.1111/1365-2664.12268

Frenette-Dussault, C., Shipley, B., & Hingrat, Y. (2013). Linking plant
and insect traits to understand multitrophic community struc-
ture in arid steppes. Functional Ecology, 27, 786-792. https://doi.
org/10.1111/1365-2435.12075

Gish, M., Ben-Ari, M., & Inbar, M. (2017). Direct consumptive interactions
between mammalian herbivores and plant-dwelling invertebrates:
Prevalence, significance, and prospectus. Oecologia, 183, 347-352.
https://doi.org/10.1007/s00442-016-3775-2

Gordon, 1. J. (1988). Facilitation of red deer grazing by cattle and its im-
pact on red deer performance. The Journal of Applied Ecology, 25(1),
1-10. https://doi.org/10.2307/2403605

Holt, R. D., & Lawton, J. H. (1994). The ecological consequences
of shared natural enemies. Annual Review of Ecology Evolution
and Systematics, 25, 495-520. https://doi.org/10.1146/annur
ev.es.25.110194.002431

Huntzinger, M., & Cushman, J. H. (2008). Negative effects of vertebrate
herbivores on invertebrates in a coastal dune community. Ecology,
89(7), 1972-1980. https://doi.org/10.1890/07-0834.1

Jones, C. G., Lawton, J. H., & Shachak, M. (1997). Positive and nega-
tive effects of organisms as physical ecosystem engineers. Ecology,
78(7), 1946-1957. https://doi.org/10.1890/0012-9658(1997)078[19
46:PANEOQ]2.0.CO;2

Keesing, F. (1998). Impacts of ungulates on the demography and diversity
of small mammals in central Kenya. Oecologia, 116(3), 381-389. https
://doi.org/10.1007/s004420050601


https://doi.org/10.5061/dryad.g01j27q
https://doi.org/10.5061/dryad.g01j27q
https://orcid.org/0000-0002-0504-2993
https://orcid.org/0000-0002-0504-2993
https://orcid.org/0000-0002-2276-9529
https://orcid.org/0000-0002-2276-9529
https://orcid.org/0000-0001-6576-9193
https://orcid.org/0000-0001-6576-9193
https://orcid.org/0000-0003-0348-5560
https://orcid.org/0000-0003-0348-5560
https://doi.org/10.1890/12-1175.1
https://doi.org/10.1016/j.baae.2007.10.009
https://doi.org/10.1098/rsbl.2013.0090
https://doi.org/10.1098/rsbl.2013.0090
https://doi.org/10.1038/s41598-017-14940-6
https://doi.org/10.1038/s41598-017-14940-6
https://doi.org/10.1016/S0169-5347(02)00045-9
https://doi.org/10.1016/j.soilbio.2003.09.010
https://doi.org/10.1016/j.soilbio.2003.09.010
https://doi.org/10.1002/ece3.1537
https://doi.org/10.1098/rspb.2018.0983
https://doi.org/10.1111/j.0906-7590.2007.05032.x
https://doi.org/10.1111/j.0906-7590.2007.05032.x
https://doi.org/10.1890/09-1277.1
https://doi.org/10.1890/09-1277.1
https://doi.org/10.1146/annurev.en.40.010195.001501
https://doi.org/10.1146/annurev.en.40.010195.001501
https://doi.org/10.1560/IJEE_52_2_141
https://doi.org/10.1111/gfs.12114
https://doi.org/10.1111/gfs.12114
https://doi.org/10.1111/1365-2664.12268
https://doi.org/10.1111/1365-2435.12075
https://doi.org/10.1111/1365-2435.12075
https://doi.org/10.1007/s00442-016-3775-2
https://doi.org/10.2307/2403605
https://doi.org/10.1146/annurev.es.25.110194.002431
https://doi.org/10.1146/annurev.es.25.110194.002431
https://doi.org/10.1890/07-0834.1
https://doi.org/10.1890/0012-9658(1997)078%5B1946:PANEOO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078%5B1946:PANEOO%5D2.0.CO;2
https://doi.org/10.1007/s004420050601
https://doi.org/10.1007/s004420050601

10 Functional Ecology

PAN ET AL.

Kimuyu, D. M., Kari, E., Veblen, K. E., Riginos, C., Chira, R. M., Githaiga,
J. M., & Young, T. P. (2017). Influence of cattle on browsing and
grazing wildlife varies with rainfall and presence of megaherbi-
vores. Ecological Applications, 27, 786-798. https://doi.org/10.1002/
eap.1482

Koerner, S. E., Smith, M. D., Burkepile, D. E., Hanan, N. P,, Avolio, M. L.,
Collins, S. L., ... Zelikova, T. J.(2018). Change in dominance determines
herbivore effects on plant biodiversity. Nature Ecology & Evolution, 2,
1925-1932. https://doi.org/10.1038/541559-018-0696-y

Kuijper, D. P. J., Beek, P., van Wieren, S. E., & Bakker, J. P. (2008). Time-
scale effects in the interaction between a large and a small herbivore.
Basic and Applied Ecology, 9(2), 126-134. https://doi.org/10.1016/j.
baae.2006.08.008

Li, X., Wang, Z., Wang, D., Wang, L., Pan, D., Li, J., ... Seastedt, T. R. (2019).
Livestock grazing impacts on plateau pika (Ochotona curzoniae) vary
by species identity. Agriculture, Ecosystems & Environment, 275, 23-
31. https://doi.org/10.1016/j.agee.2019.01.007

McNaughton, S. J. (1976). Serengeti migratory wildebeest: Facilitation of
energy flow by grazing. Science, 191, 92-94. https://doi.org/10.1126/
science.191.4222.92

McNaughton, S. J. (1983). Compensatory plant growth as a response to
herbivory. Oikos, 40(3), 329-336. https://doi.org/10.2307/3544305

Mishra, C., Wieren, S. E. V., Ketner, P, Heitkonig, I. M. A, &
Prins, H. H. T. (2004). Competition between domestic live-
stock and wild bharal Pseudois nayaur in the Indian Trans-
Himalaya. Journal of Applied Ecology, 41, 344-354. https://doi.
org/10.1111/j.0021-8901.2004.00885.x

Murray, M. G., & lllius, A. W. (2000). Vegetation modification and re-
source competition in ungulates. Oikos, 89, 501-508. https://doi.
org/10.1034/j.1600-0706.2000.890309.x

Nakamura, M., & Ohgushi, T. (2003). Positive and negative effects of
leaf shelters on herbivorous insects: Linking multiple herbivore spe-
cies on a willow. Oecologia, 136, 445-449. https://doi.org/10.1007/
s00442-003-1285-5

QOdadi, W. O., Karachi, M. K., Abdulrazak, S. A., & Young, T. P. (2011).
African wild ungulates compete with or facilitate cattle depending
on season. Science, 333, 1753-1755. https://doi.org/10.1126/scien
ce.1208468

Ohgushi, T. (2005). Indirect interaction webs: Herbivore-induced effects
through trait change in plants. Annual Review of Ecology Evolution
and Systematics, 36, 81-105. https://doi.org/10.1146/annurev.ecols
ys.36.091704.175523

Pan, D., Li, X., De, K., Wang, L., Wang, D., Guo, Q., ... Seastedt, T. R. (2019).
Data from: Food and habitat provisions jointly determine competi-
tive and facilitative interactions among distantly related herbivores.
Dryad Digital Repository, https://doi.org/10.5061/dryad.g01j27q

Poelman, E. H., Broekgaarden, C., Loon, J. J. A. V., & Dicke, M. (2008).
Early season herbivore differentially affects plant defence re-
sponses to subsequently colonizing herbivores and their abun-
dance in the field. Molecular Ecology, 17(14), 3352-3365. https://doi.
org/10.1111/j.1365-294X.2008.03838.x

Pringle, R. M. (2008). Elephant as agents of habitat creation for small
vertebrates at the patch scale. Ecology, 15, 523-575. https://doi.
org/10.1890/07-0776.1

R Core Team (2019). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing.
Retrieved from https://www.R-project.org/

Schmitz, O. J. (2008). Herbivory from individuals to ecosystems. Annual
Review of Ecology, Evolution, and Systematics, 39, 133-152. https://doi.
org/10.1146/annurev.ecolsys.39.110707.173418

Sendoya, S. F., & Oliveira, P. S. (2015). Ant-caterpillar antagonism at the
community level: Interhabitat variation of tritrophic interactions in a
neotropical savanna. Journal of Animal Ecology, 84(2), 442-452. https
://doi.org/10.1111/1365-2656.12286

Steen, H., Mysterud, A., & Austrheim, G. (2005). Sheep grazing and
rodent populations: Evidence of negative interactions from a land-
scape scale experiment. Oecologia, 143(3), 357-364. https://doi.
org/10.1007/s00442-004-1792-z

Strauss, S. Y. (1991). Indirect effects in community ecology: Their defini-
tion, study, and importance. Trends in Ecology and Evolution, 6, 206~
210. https://doi.org/10.1016/0169-5347(91)90023-Q

Takagi, S., & Miyashita, T. (2014). Scale and system dependencies of
indirect effects of large herbivores on phytophagous insects: A
meta-analysis. Population. Ecology, 56(3), 435-445. https://doi.
org/10.1007/s10144-014-0441-6

Torre, |., Diaz, M., Martinez-Padilla, J., Bonal, R., Vifiuela, J., & Fargallo, J.
A. (2007). Cattle grazing, raptor abundance and small mammal com-
munities in Mediterranean grasslands. Basic and Applied Ecology, 6,
565-575. https://doi.org/10.1016/j.baae.2006.09.016

Utsumi, S., & Ohgushi, T. (2008). Host plant variation in plant-mediated
indirect effects: Moth boring-induced susceptibility of willows to a
specialist leaf beetle. Ecological Entomology, 33(2), 250-260. https://
doi.org/10.1111/j.1365-2311.2007.00959.x

van Klink, R., van der Plas, F., van Noordwijk, C. G. E. T., WallisDeVries,
M. F., & OIff, H. (2015). Effects of large herbivores on grassland
arthropod diversity. Biological Review, 90, 347-366. https://doi.
org/10.1111/brv.12113

van Noordwijk, C. G. E., Flierman, D. E., Remke, E., Wallisdevries, M. F.,
& Berg, M. P. (2012). Impact of grazing management on hibernating
caterpillars of the butterfly Melitaea cinxia in calcareous grasslands.
Journal Insect Conservation, 16(6), 909-920. https://doi.org/10.1007/
$10841-012-9478-z

Wan, X., & Zhang, W. (2006). Feeding habit and spatial pattern of
Gynaephora alpherakii Larvae. Acta Agerstia Sinica, 14, 84-88 (In
Chinese with English abstract). https://doi.org/10.1360/aps040178

Wilkerson, M. L., Roche, L. M., & Young, T. P. (2013). Indirect effects of
domestic and wild herbivores on butterflies in an African savanna.
Ecology and Evolution, 3(11), 3672-3682. https://doi.org/10.1002/
ece3.744

Woodcock, B. A., & Pywell, R. F. (2009). Effects of vegetation struc-
ture and floristic diversity on detritivore, herbivore and pred-
atory invertebrates within calcareous grasslands. Biodiversity
and Conservation, 19(1), 81-95. https://doi.org/10.1007/
s10531-009-9703-6

Yan, L., Wang, G., & Liu, C. Z. (2006). Number of instars and sta-
dium duration of Gynaephora menyuanensis (Lepidoptera:
Lymantriidae) from Qinghai-Tibetan plateau in China. Annals of
the Entomological Society of America, 99, 1012-1018. https://doi.
org/10.1603/0013-8746

Zhong, Z., Wang, D., Zhu, H., Wang, L., Feng, C., & Wang, Z. (2014).
Positive interactions between large herbivores and grasshoppers,
and their consequences for grassland plant diversity. Ecology, 95(4),
1055-1064. https://doi.org/10.1890/13-1079.1

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Pan D, Li X, De K, et al. Food and
habitat provisions jointly determine competitive and
facilitative interactions among distantly related herbivores.
Funct Ecol. 2019;00:1-10. https://doi.org/10.1111/1365-
2435.13456



https://doi.org/10.1002/eap.1482
https://doi.org/10.1002/eap.1482
https://doi.org/10.1038/s41559-018-0696-y
https://doi.org/10.1016/j.baae.2006.08.008
https://doi.org/10.1016/j.baae.2006.08.008
https://doi.org/10.1016/j.agee.2019.01.007
https://doi.org/10.1126/science.191.4222.92
https://doi.org/10.1126/science.191.4222.92
https://doi.org/10.2307/3544305
https://doi.org/10.1111/j.0021-8901.2004.00885.x
https://doi.org/10.1111/j.0021-8901.2004.00885.x
https://doi.org/10.1034/j.1600-0706.2000.890309.x
https://doi.org/10.1034/j.1600-0706.2000.890309.x
https://doi.org/10.1007/s00442-003-1285-5
https://doi.org/10.1007/s00442-003-1285-5
https://doi.org/10.1126/science.1208468
https://doi.org/10.1126/science.1208468
https://doi.org/10.1146/annurev.ecolsys.36.091704.175523
https://doi.org/10.1146/annurev.ecolsys.36.091704.175523
https://doi.org/10.5061/dryad.g01j27q
https://doi.org/10.1111/j.1365-294X.2008.03838.x
https://doi.org/10.1111/j.1365-294X.2008.03838.x
https://doi.org/10.1890/07-0776.1
https://doi.org/10.1890/07-0776.1
https://www.R-project.org/
https://doi.org/10.1146/annurev.ecolsys.39.110707.173418
https://doi.org/10.1146/annurev.ecolsys.39.110707.173418
https://doi.org/10.1111/1365-2656.12286
https://doi.org/10.1111/1365-2656.12286
https://doi.org/10.1007/s00442-004-1792-z
https://doi.org/10.1007/s00442-004-1792-z
https://doi.org/10.1016/0169-5347(91)90023-Q
https://doi.org/10.1007/s10144-014-0441-6
https://doi.org/10.1007/s10144-014-0441-6
https://doi.org/10.1016/j.baae.2006.09.016
https://doi.org/10.1111/j.1365-2311.2007.00959.x
https://doi.org/10.1111/j.1365-2311.2007.00959.x
https://doi.org/10.1111/brv.12113
https://doi.org/10.1111/brv.12113
https://doi.org/10.1007/s10841-012-9478-z
https://doi.org/10.1007/s10841-012-9478-z
https://doi.org/10.1360/aps040178
https://doi.org/10.1002/ece3.744
https://doi.org/10.1002/ece3.744
https://doi.org/10.1007/s10531-009-9703-6
https://doi.org/10.1007/s10531-009-9703-6
https://doi.org/10.1603/0013-8746
https://doi.org/10.1603/0013-8746
https://doi.org/10.1890/13-1079.1
https://doi.org/10.1111/1365-2435.13456
https://doi.org/10.1111/1365-2435.13456

