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While positive interactions have been well documented in plant and sessile

benthic marine communities, their role in structuring mobile animal com-

munities and underlying mechanisms has been less explored. Using field

removal experiments, we demonstrated that a large vertebrate herbivore

(cattle; Bos tarurs) and a much smaller invertebrate (ants; Lasius spp.), the

two dominant animal taxa in a semi-arid grassland in Northeast China,

facilitate each other. Cattle grazing led to higher ant mound abundance com-

pared with ungrazed sites, while the presence of ant mounds increased the

foraging of cattle during the peak of the growing season. Mechanistically,

these reciprocal positive effects were driven by habitat amelioration and

resource (food) enhancement by cattle and ants (respectively). Cattle facili-

tated ants, probably by decreasing plant litter accumulation by herbivory

and trampling, allowing more light to reach the soil surface leading to micro-

climatic conditions that favour ants. Ants facilitated cattle probably by

increasing soil nutrients via bioturbation, increasing food (plant) biomass

and quality (nitrogen content) for cattle. Our study demonstrates reciprocal

facilitative interactions between two animal species from phylogenetically

very distant taxa. Such reciprocal positive interactions may be more

common in animal communities than so far assumed, and they should

receive more attention to improve our understanding of species coexistence

and animal community assembly.
1. Introduction
The last two decades has seen increasing interest in the role of facilitation in

structuring ecological communities [1–7], with facilitation defined as any inter-

action that benefits at least one of the participants and causes net harm to

neither [8]. Several attempts have been made to place facilitation into broader

ecological theory [8–10], particularly with the stress gradient hypothesis

[1,11,12].

While facilitation has been well documented in plant and sessile (or less

mobile) communities [2,4,7,13–17], its importance in structuring more mobile

animal communities has been less explored. Evidence is growing that facili-

tation between animal species may be common and can have far-reaching

consequences for species abundance, distribution and diversity in ecosystems

[18–24]. Still, the difficulty in elucidating the operating mechanisms behind
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the patterns may hinder study of facilitative interactions in

animal communities. Mobile animal species are often separ-

ated in space and time, making their interspecific

interactions difficult to detect and document [22].

Several mechanisms have been proposed to explain facili-

tative interactions in animal communities. First, one species

can benefit another by improving accessibility to, or quality

of, resources. A classic example is large herbivore grazing

that induces ‘compensatory regrowth’ in plants, resulting in

enhanced forage quality (biomass and nitrogen (N) content)

of grasses that benefits other grazers in Africa savannahs

[21,25]. Second, one species can benefit another by ameliorat-

ing abiotic conditions in particular habitats. A classic example

of this are beavers (Castor fiber) in riparian ecosystems, that act

as ‘ecosystem engineers’ [26,27] by their dam-building activi-

ties that lead to the formation of extensive wetland habitats,

which enhances the abundance and diversity of other animals

such as butterflies, waterbirds and bats [23,28–30]. Third, a

species may facilitate another by modifying the behaviour or

population dynamics of predators [31] or competitors

[32,33]. However, despite these examples, few studies on

facilitation in animal communities have been able to pinpoint

the underlying mechanisms, because many of the interactions

are cryptic and complex, and often involve various trophic

levels, habitat structure and a behaviour component.

Hence, understanding the actual mechanisms behind animal

facilitation remains a challenge.

To date, the majority of animal facilitation studies have

focused at unidirectional effects, in particular between

species that are very different in body size, often in the

form of animal species benefitting the smaller ones [20,34–

36]. However, small animal species—often high in abundance

or biomass—have the potential to feedback on large animal

species as well [37–41]. For example, the bioturbating activi-

ties of soil fauna such as termites, earthworms and dung

beetles help to aerate and fertilize the soil and so improve

the quality of the forage for large grazers [38–44]. So far,

the reciprocal facilitative interactions between large and

small animal species, often from very different taxa, have

received little attention. Yet these reciprocal facilitative

interactions may be much more common than assumed so

far, importantly explaining spatial patterns observed at the

landscape scale [41,44]. Hence, it is time to think outside

the (taxonomic) box and consider reciprocal facilitative

interactions between dissimilar species [45].

In this study, we examine the potential reciprocal facilita-

tive interactions between two phylogenetic distant taxa,

namely cattle (Bos taurus) and ants (Lasius spp.). In our

study system, cattle are the dominant aboveground ver-

tebrates, while ants are the dominant invertebrate insects

belowground, with Lasius alienus and Lasius flavus accounting

for greater than 60% of all ant individuals [46]. Lasius spp.

ants prefer a dry, sunny microclimate and generally avoid

habitats with thick vegetation and/or ground litter layer

[46–48]. Large vertebrate herbivores reduce vegetation bio-

mass as well as plant litter accumulation, both by their

direct consumption of plant tissues and indirect effects of

trampling that accelerate litter decomposition processes

[21]. Thereby, cattle control the habitat characteristics created

by plants and litter and this could potentially benefit ants.

Conversely, activities of ants, especially those of Lasius spp.,

are known to enhance soil nutrient availability and change

soil moisture [48,49]. Such changes in soil conditions can
increase vegetation growth [50,51], which may in turn

facilitate aboveground herbivore consumers [39,52].

We test the general hypothesis that cattle and ants can exert

reciprocal, facilitative effects on each other by habitat ameliora-

tion and resource (food) enhancement. More specifically, we

expect that grazing and trampling by cattle will reduce

vegetation and litter biomass and so create more open micro-

habitats that favour ants. By their turn, bioturbation (e.g.

mound building) activities of ants will enhance soil nutrient

availability that increases plant (food) quantity and/or quality

and so benefit cattle (figure 1). To test these hypotheses, we

explored the responses of ant (mound) abundance and cattle

feeding behaviours in a manipulated animal removal field-

experiment. To reveal the potential underlying mechanisms,

we assessed how cattle and ant manipulations altered soil

nutrients, plant quantity and quality, and plant and litter cover.
2. Study site and methods
(a) Study system and background
The study was conducted in a semi-arid low elevation

(approx. 150 m) grassland in the Jilin Province of Northeast

China (448450 N, 1238450 E). Annual mean temperature

ranges from 4.6 to 6.48C and annual precipitation is 280–

400 mm. The area is dominated by the perennial grass

Leymus chinensis. Other plants include the grasses Phragmites
australis and Calamagrostis epigejos, as well as the forbs Artemi-
sia scoparia and Kalimeris integrifolia [53]. The soil is a mixed

salt-alkali meadow steppe (Salid Aridisol, US Soil Taxonomy)

of 29% sand, 40% silt and 31% clay (top 10 cm) and is nutrient-

poor with total N content ranging from 2.2 to 2.5 mg g21, and

total phosphorus (P) content ranging from 0.23 to 0.27 mg g21

[54]. The area has a long-standing tradition of low-intensity

livestock grazing with cattle and sheep, as well as mowing

for hay making. Natural vertebrate herbivores such as geese

and rodents are rare in the area. Furthermore, the area hosts

a density (ca 0.1–0.5 mounds every 1 m2) of nests of the

yellow ants, La. alienus and La. flavus, with an average

mound height of 7.0 (s.e. 0.5) cm and a mean mound base

diameter of 40 (s.e. 3.4) cm (X. Li, Z. Zhong, D. Wang, Y.

Zhu, H. Zhu, L. Wang, N. Hassan 2018, unpublished data).

(b) Experimental set-up
The study area was fenced in 2005 to protect against uncon-

trolled human disturbance (e.g. grazing and mowing). In

June 2009, we established twelve 50�50 m enclosure plots

with the treatment factor ‘cattle grazing’ at the plot level

and ‘ant presence’ at a subplot level arranged in a random-

ized block design, i.e. with six blocks each containing a

pair of experimental plots (electronic supplementary

material, figure S1). Distance between experimental blocks

was 150–300 m, and the distance between plots in a block

was on average 30 m. Each enclosure plot was divided into

eight 3 � 3 m randomly located subplots, separated by

+7 m. For the two plots within each block, we randomly

applied one 50 � 50 m plot to cattle grazing, while the

other served as a control (ungrazed) plot. For the eight 3 �
3 m subplots within each plot, we randomly assigned four

of them to the ant suppression treatment (ant suppressed),

while the other four were left unmanipulated as control treat-

ments (ant present) (electronic supplementary material,

http://rspb.royalsocietypublishing.org/


food provision

(+)
(+)

(–)

(+)

(+) herbivory

cattle (Bos tarurs)

ants

aboveground biota

belowground biota

bioturbation and excreting
(+)

(–)

(–)

(+)

trampling

resource (food)
enhancement 

soil 
nutrients

reciprocal facilitative interactions 

habitat amelioration

ecosystem engineering

plants

litter

Figure 1. The hypothesized mechanisms for mutualistic interactions between cattle (Bos tarurs) aboveground and ants belowground mediated by trophic and non-
trophic effects in a semi-arid grassland in northeastern China. Trophic effects (e.g. herbivory) are shown by black arrows, non-trophic effects (e.g. ecosystem engin-
eering) by grey arrows. The facilitative effects of cattle on ants and vice versa are denoted by dashed black lines. Plus sign in brackets indicates positive effects, while
the minus sign in brackets indicates negative effects.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20181665

3

 on November 7, 2018http://rspb.royalsocietypublishing.org/Downloaded from 
figure S1). Thus, we had four experimental treatments in a

fully crossed 2 � 2 nested design, i.e. cattle only (C), cattle þ
ants (C þA), ants only (A), and no cattle and no ants (None).

(i) Grazing treatment
From 2010 to 2013, the plots were grazed by cattle (mean

weight 300+8 kg, mean+ s.e.) at an equal light to moderate

intensity (about 30% of aboveground plant biomass con-

sumed by cattle), a recommended grazing intensity by local

governments. A total of 48 mature cattle were assigned to

the six grazed plots, with eight cattle heads per grazed

plot. Grazing occurred each year from June to September

during the first two weeks of each month, with a daily graz-

ing regime between 06.00–08.00 h and 16.00–18.00 h,

creating grazing intensities similar with local grazing habit.

(ii) Ant suppression treatment
From 2010 to 2013, we applied 10 g of poison ant baits (Jing-

kang Ant Bait Granules, Lekang Technology, Beijing, China)

around the entrance of active ant nests to suppress ants in the

ant suppression subplots from June to August, the active

period of ants in each year. The main active ingredients of

the ant bait are 0.45% Tetramethrin and 0.02% Alpha-

cypermethrin. The ant bait is specifically designed to

appeal to ants and kill their colonies and has been used suc-

cessfully in reducing ant populations in the region.

Additional experiments indicate that, except for ants (and

crickets, see electronic supplementary material, figure S4),

the ant bait has limited impacts on other arthropods, plant

growth, soil nutrients and cattle behaviours in our system

(see the electronic supplementary material, figure S4–S6).

We did not install barriers to prevent ants from recolonizing
the subplots (as did Wardle et al. [55]), because it would exert

a significant physical disturbance to soil and vegetation, and

alter the cattle feeding behaviours (based on our field

pre-trials). Instead, to minimize the potential biases, we con-

sidered the outermost 1 m of each 3 � 3 m ant-manipulation

subplot as a ‘buffer’ and avoided sampling in these areas.

Our ant suppression treatments dramatically dropped total

active ant nest densities (see Results below).
(c) Initial conditions
In August (peak of the growing season) 2009, 1 year before

the beginning of cattle grazing and ant suppression treat-

ments, we measured the initial conditions, including plant

community characteristics, soil properties, microclimate and

ant abundance, within the eight 3 � 3 m subplots in each

plot.

We measured biomass of each plant group (the dominant

Le. chinensis grasses, other grasses and forbs), total plant bio-

mass, plant litter biomass and plant nutrient content. We

estimated aboveground plant biomass by clipping plants to

ground level in 1 � 0.2 m area in two random locations

within each of the eight subplots. The aboveground biomass

was sorted into Le. chinensis, ‘other grasses’, and ‘forbs’. In

addition, we collected plant litter in the same locations.

Aboveground biomass and litter were then dried for 48 h at

708C and weighed. We measured the N content of the three

plant groups using an automatic Kjeldahl nitrogen analyzer

(Kjeltecw 2300 Analyzer Unit, Foss Analytical AB, Höganäs,

Sweden), after we ground the dried plant samples of each

group (Le. chinensis, other grasses, and forbs) through a

0.8 mm mesh screen in a Wiley mill.

http://rspb.royalsocietypublishing.org/
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For soil properties, soil moisture was determined using a

handheld soil moisture reader (OSA-1, OUSU Technology,

Hebei, China), taking readings from five random locations

within each of the eight subplots. Soil nutrients were deter-

mined by using a 4 cm diameter soil auger to randomly

collected five replicate 0–20 cm soil samples from each sub-

plot, which were pooled to homogenize the samples. For

each soil sample, a 10 g subsample was extracted with

70 ml 2 mol l21 KCl. Extracts were frozen at 208C for analysis

of NHþ4 and NO�3 content by continuous flow analyser (Alli-

ance Flow Analyzer; Futura, Frépillon, France). Total soil N

was the sum of NHþ4 and NO�3 concentrations. For soil

total available P, another 10 g subsample soil was extracted

using acidified NH4OAc-EDTA and analysed by ICP

(Spectro Analytical Instruments, Marlborough, MA, USA).

We measured light penetration, air temperature and

humidity at the soil surface by taking readings from two

random locations within each subplot. Light penetration

was measured using a GLZ-C-G PAR (photosynthetically

active radiation) point sensor (Top Instrument, Zhejiang,

China), taking light intensity readings from above the veg-

etation canopy and from the ground surface. We measured

ambient air temperature and relative humidity using an

AR-847 digital thermo-hygrometer (Jinzhan Inc., Shenzhen,

China).

We visually assessed the total number of active ant nests

and the number of active Lasius ant nests in the subplots.

Lasius ants make typical aboveground mounds and are rela-

tively easy to identify. We checked whether the ant nests

were active by visually examining if there was any ‘fresh’

soil deposited around the entrance of the mound, and by

inserting a 30 cm plastic wire into the mounds for 10 s to

see if any ants would come out.

(d) Effects of cattle grazing on ants, plants, litter, and
microclimate

In August 2012, we investigated the effects of 3 year (2010–

2012) cattle grazing on ant nest density in the four 3 � 3 m

ant-present subplots in the six grazed and the six ungrazed

plots using the same methodologies as described above.

Ant nest density was assessed on 14 August and 30 August

in 2012. We averaged the ant nest data for each plot over

time (two sampling dates for each subplot) and across the

four ant-present subplots in each plot and used this one

data point per plot in the statistical analyses. On 25 August

2012, to investigate the mechanisms by which cattle grazing

could affect ant nest density, we measured plant biomass,

litter biomass and microclimate (light penetration, air temp-

erature and air relative humidity) using the same methods

as above.

(e) Effects of ants on cattle feeding behaviour, plants
and soils

On 5 August and 12 August, we recorded the total number of

visits and total grazing time (recorded and calculated to the

second) by cattle in the subplots. We considered a cattle-

visit when there was at least one leg into the subplots for

more than 3 s, and considered a cattle grazing activity as

when an animal was feeding on plants in the subplots for

more than 3 s. The observations were conducted twice daily

(from 06.00 to 08.00 h and from 16.00 to 18.00 h). We
averaged the feeding behaviour data from the two sampling

dates for each subplot, then we averaged the feeding behav-

iour data from the four ant suppression and the four ant-

present 3 � 3 m subplots in each cattle grazed plot and

used these data in the statistical analyses.

On 27 August 2012, to investigate the mechanisms by

which ants could affect cattle feeding behaviour, we

measured living plant biomass of each plant group (Le. chi-
nensis, other grasses and forbs), total plant biomass, and

plant N contents of each plant group, and soil moisture and

soil nutrients, such as soil total available N and P in the

four ant suppression and the four ant-present subplots

within each cattle grazed plot using the methodology

described above. We averaged plant and soil condition data

for the four ant suppression and the four ant-present 3 �
3 m subplots in each cattle grazed plot for statistical analyses.
( f ) Additional plant-litter-removal experiment
In 2012, we conducted an additional plant-litter-removal

experiment to further investigate the influence of plant litter

on ant nest density, independent of cattle grazing. In May

2012, six pairs of 3 � 3 m plots were randomly placed in

the field outside the grazing areas. We randomly selected

one plot of each pair and removed plant litter on the soil sur-

face, while the other plot served as the control. We repeated

the experimental treatments in the plots in 2013. In mid-

August 2013, we measured Lasius ant nest density and total

ant nest density, by visually counting the number of active

Lasius ant nests and total ant nests in the plots, respectively.
(g) Data analyses
For all variables discussed above, we averaged each variable

for the four replicate 3 � 3 m subplots within each grazed

and control plot for statistical analyses. All data were

assessed for normality and analysed using the open source

software R 3.1.0 [56]. We used linear mixed effects models

from the nlme package [57] to test for the effects of cattle

grazing on ants, plants, litter and microclimate. Ant nest den-

sity, plant biomass, litter biomass and microclimate were

included as response variables, while cattle grazing treatment

(two levels: grazed and ungrazed) was included as a fixed

factor and block as a random factor. We then tested for

relationships between plant litter biomass and total active

ant nest density in all the plots with a linear model. The

effects of plant litter (two levels: litter present and removed)

on ants in the plant-litter-removal experiment were analysed

using linear models based on generalized least squares. This

was necessary to account for unequal variances for the treat-

ment groups. We used VARIDENT to account for variance

heterogeneity in effect sizes between treatment groups. We

further analysed the impact of ant nest presence on cattle

behaviours with total number of cattle visits and total grazing

time in the 3 � 3 m subplots in the six cattle grazed plots as

the response variable using linear mixed effects models. We

also evaluated the effects of ants on plant conditions (plant

biomass of each plant group, total plant biomass and plant

N contents of each plant group) and soil conditions (soil

moisture, soil total available N and soil total available P) in

the 3 � 3 m subplots in the six cattle grazed plots.

http://rspb.royalsocietypublishing.org/
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3. Results
(a) Ant suppression success
Three years of ant suppression (2010–2012) led to greater

than or equal to 96% reduction in total active ant nest den-

sities, with 2.71 (s.e. 0.48) ant nests m22 in ant-present

subplots compared to 0.07 (s.e. 0.01) ant nests m22 in the

ant-suppressed subplots (x2
1 ¼ 21.02, p , 0.001). Active nest

densities of the dominant ant genus Lasius similarly dropped

from 0.60 (s.e. 0.38) in the ant-present subplots to 0.02 (s.e.

0.02) in the ant-suppressed subplots (x2
1 ¼ 20.15, p , 0.001).
(b) Effects of cattle grazing on ants, plants, litter and
microclimate

Three years of cattle grazing increased total active ant nest den-

sity by nearly twofold (x2
1¼ 14.92, p¼ 0.001; figure 2a), and

increased Lasius ant nest density threefold (x2
1 ¼ 18.80, p ,

0.001; figure 2b) in the ant-present (control) subplots. Cattle

grazing did not significantly affect total plant biomass (x2¼
1.27, p¼ 0.26; figure 2c), but grazing decreased plant litter bio-

mass at the soil surface by 78% (x2 ¼ 29.73, p , 0.0001;

figure 2d). Regression analyses showed that total ant nest den-

sity was negatively correlated with plant litter biomass (R2¼

0.79, t1,5¼ 26.53, p , 0.001; figure 2e) in the ant-present sub-

plots. Moreover, cattle grazing increased the percentage of

light penetration at the soil surface in the ant-present subplots

by 1.3-fold (x2
1¼ 29.16, p , 0.001; electronic supplementary

material, figure S2a), while air temperature and air relative

humidity at the soil surface were not significantly affected (elec-

tronic supplementary material, figure S2b,c).
(c) Effects of ants on cattle feeding behaviour, plants
and soils

The total number of cattle visits per subplot was not signifi-

cantly affected by the suppression of ants in the grazed

plots (x2
1 ¼ 0.95, p ¼ 0.33; figure 3a). However, the total

cattle grazing time was 25% lower in the ant suppression sub-

plots compared to the control subplots (x2
1 ¼ 12.69, p ¼ 0.001;

http://rspb.royalsocietypublishing.org/
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figure 3b). Ant suppression reduced total plant biomass by

13% (x2
1 ¼ 6.34, p ¼ 0.012; figure 3c) and N content of the

dominant L. chinensis grass in the subplots by 12% (x2
1 ¼

7.26, p ¼ 0.007; figure 3d ). Moreover, ant suppression signifi-

cantly decreased the total availability of N in the soil of the

subplots by 17% (x2
1 ¼ 6.43, p ¼ 0.011; electronic supplemen-

tary material, figure S3b), whereas it did not significantly

affect soil moisture nor soil total P availability (electronic

supplementary material, figure S3a,c).

(d) Additional plant-litter-removal experiment
The total active ant nest density was nearly fivefold higher in

the plots where plant litter was artificially removed (gls,

t1;10 ¼ 8.93, p , 0.001; figure 2f ).
4. Discussion
Our experimental study demonstrates reciprocal facilitative

interactions between two phylogenetic distant animal taxa.

Cattle grazing increased total ant nest abundance, while ants

facilitated the food intake of cattle during the peak of the
growing season. These reciprocal facilitative interactions exem-

plify synergistic amelioration of habitat and improvement of

resource (food) availability between very different animal

taxa. Our results highlight that the study of interspecific inter-

actions between phylogenetically different animal taxa and

their potential reciprocal feedbacks, yields insights about

species coexistence and the assembly of animal communities.
(a) How large herbivores facilitate ants
Cattle acted as ecosystem engineers by decreasing the

amount of plant litter at the ground surface, which we separ-

ately demonstrated benefits the abundance of soil ants

(figure 2f ). Our results are in line with earlier studies which

indicate that large herbivores are often influential ecosystem

engineers in terrestrial ecosystems [20]. Large herbivore

activities, such as grazing, trampling and wallowing, are

known to accelerate plant litter fragmentation and decompo-

sition, which significantly reduces litter in grazed areas [21].

Given the dramatic increase of active ant nest density in the

litter removal experiment, litter reduction appears to be the

primary mechanism of how cattle facilitate ants.

http://rspb.royalsocietypublishing.org/
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Lasius spp. ants, the dominant group in our system, prefer

bare ground with a dry and sunny microenvironment, and,

generally, avoid nesting in habitats with thick vegetation

and/or litter accumulation [46–48]. There are several possible

reasons why Lasius ants tend to avoid these areas. Dense

litter impacts the microclimate at the soil surface leading to

unfavourable temperature regimes for ants and potentially

reduces the ability of ants to regulate microclimate in their

nests. By their mound building activities, ants regulate the

microclimate (temperature, aeration and humidity) in their

nests, not only for the benefit of their own eggs and larvae,

but also to create optimal conditions for root lice with which

some Lasius species (Lasius flavus) live in close association

[39,58]. Other potential involved mechanisms as to why ants

avoid dense litter areas for their nests may include avoidance

of fungi infection to their eggs or larva, reduced effectiveness

of anti-predator behaviour, or reduced search and transport

possibilities for their food items [22]. These mechanisms are dif-

ficult to isolate and evaluate independently, and this was

beyond the scope of our study. Nevertheless, it appears from

this study that litter reduction via cattle grazing may facilitate

habitat quality for ants.

(b) The reciprocal effects of ants on large herbivores
Ants, in their turn, facilitated the feeding activities of cattle: cattle

spent more time on grazing in areas with ants compared to ant

suppression areas. This conclusion is based on a behavioural

rather than the fitness response of cattle to ant activities here,

owing to the difficulty of measuring cattle fitness within the

short-time study period. However, there is evidence that fora-

ging quantity is a good indicator of herbivores’ performance

[59–61]. The increases in cattle grazing time has probably to

do with the activities of ants that led to the increased soil N

availability and enhanced biomass production and quality

(N content) of forage plants in the ant-present plots. Ants may

increase soil fertility by foraging, excretion and nest-building

activities that accelerate plant debris decomposition and thus

increase N import and enhance nutrient cycling rates that benefit

plant growth [49–51]. Indeed, in addition to food resources,

cattle may be attracted to the ant-present subplots by some

more cryptic mechanisms, such as altered plant community

composition and simply the presence of ant mounds. For

example, there is evidence that the presence of specific plant

species or plant groups will modify the feeding preferences of

herbivores on their hosts, a phenomenon called ‘plant associa-

tional effect’ [62–64]. The presence of ants increased the

abundance of forb species in our system (X. Li, Z. Zhong,

D. Wang, Y. Zhu, H. Zhu, L. Wang, N. Hassan 2018, unpub-

lished data). Although the majority of cattle diet may be

commonly carbon-rich grasses [53], there is also evidence that

the search for N-rich forbs can be an important component to

cattle foraging behaviours [65]. Thus, it is still unclear if, and

towhat degree, the increases in cattle grazing time in the ant-pre-

sent sites can be attributed to the increases in forb abundance.

In our study, we found that the ants exerted a significant

positive influence on a large mammal and vice versa.

Although the latter dominates the literature [20,34–36],

there is also growing evidence showing that smaller animals

can exert effects on larger ones [37–41]. Our study adds to the

list of such effects. In many ecosystems, invertebrates or small

vertebrates—both above- and below-ground—often have as

high as, or even higher, abundance or biomass compared
with those of large vertebrates [66,67]. Given that all these

animals often coexist within the same ecosystems and interact

frequently, the potential reciprocal feedbacks of smaller ani-

mals on the larger ones are probably common and should

not be ignored.

(c) Phylogenetic distance and the balance of animal
competition and facilitation

It is suggested that the phylogenetic or ecological distance

(which are often correlated with each other [68]) among co-

occurring organisms is a good proxy to predict the outcome of

species interactions (i.e. competitive or facilitative) in natural

communities [69,70]. This is rooted in the view that closely

related organisms often have similar morphology and behav-

iour, require similar kinds of resources, and tend to compete

for the same niche. Distantly related species, by contrast, may

be more likely to coexist (or facilitate) because they exploit differ-

ent niches. This hypothesis has been well documented in plant

and microorganism communities [69,70], but much less in

animal communities. Multiple studies have found that closely

related herbivore species, such as sap-feeding insects [71] or live-

stock and wild ungulates [21] do tend to compete with each

other. At the same time, a growing body of literature indicates

the existence of interspecific facilitative interactions between a

wide range of phylogenetic taxa, such as elephants and lizards

[20], and beavers and waterbirds [23]. Our study adds to that

body of literature. While this does not mean that competition

between distantly related species, or facilitation between closely

related species do not exist [38,45,72–76], it seems that in

general, phylogenetic or ecological distance is a fairly good

predictor for the competition–facilitation balance in animal

communities, just as it is for plant communities [69,70]. How-

ever, the fact that there are many exceptions indicates that this

relationship between phylogenetic distance and competition–

facilitation balance in animal communities is a complex one.

Currently, our understanding of the patterns and mechanisms

of interspecific facilitation in animal communities still lags far

behind our understanding of facilitation in plant communities.

More studies are needed on the relationships between phyloge-

netic distance and the balance of competition and facilitation to

improve our understanding of species coexistence and animal

community assembly rules.
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from facilitation to competition occur between
closely related taxa. J. Ecol. 96, 489 – 494. (doi:10.
1111/j.1365-2745.2008.01357.x)

70. Mayfield MM, Levine JM. 2010. Opposing effects of
competitive exclusion on the phylogenetic structure
of communities. Ecol. Lett. 13, 1085 – 1093. (doi:10.
1111/j.1461-0248.2010.01509.x)

71. Denno RF, Peterson MA, Gratton C, Cheng J,
Langellotto GA, Huberty AF, Finke DL. 2000
Feeding-induced changes in plant quality
mediate interspecific competition between
sap-feeding herbivores. Ecology 81, 1814 – 1827.
(doi:10.1890/0012-9658(2000)081[1814:FICIPQ]2.
0.CO;2)

72. Huntzinger M, Karban R, Cushman JH. 2008
Negative effects of vertebrate herbivores on
invertebrates in a coastal dune community. Ecology
89, 1972 – 1980. (doi:10.1890/07-0834.1)

73. Bakker ES, Dobrescu I, Straile D, Holmgren M. 2013
Testing the stress gradient hypothesis in herbivore
communities: facilitation peaks at intermediate
nutrient levels. Ecology 94, 1776 – 1784. (doi:10.
1890/12-1175.1)

74. Gordon IJ. 1988 Facilitation of red deer grazing by
cattle and its impact on red deer performance.
J. Appl. Ecol. 25, 1 – 9. (doi:10.2307/2403605)

75. Ohgushi T. 2005 Indirect interaction webs:
herbivore-induced effects through trait change in
plants. Annu. Rev. Ecol. Evol. Syst. 36, 80 – 105.
(doi:10.1146/annurev.ecolsys.36.091704.175523)

76. Xi X, Griffin JN, Sun S. 2013. Grasshoppers
amensalistically suppress caterpillar performance
and enhance plant biomass in an alpine meadow.
Oikos 122, 1049 – 1057. (doi:10.1111/j.1600-0706.
2012.00126.x)

77. Li X et al. 2018 Data from: Reciprocal facilitation
between large herbivores and ants in a semi-arid
grassland. Dryad Digital Repository. (http://dx.doi.
org/10.5061/dryad.s7423sv)

http://dx.doi.org/10.1016/j.ejsobi.2005.12.005
http://dx.doi.org/10.1111/j.1654-1103.2007.tb02519.x
http://dx.doi.org/10.1016/j.apsoil.2013.04.004
http://dx.doi.org/10.1016/j.apsoil.2013.04.004
http://dx.doi.org/10.1016/j.ejsobi.2017.06.006.
http://dx.doi.org/10.1111/1365-2656.12672
http://dx.doi.org/10.1111/1365-2656.12672
http://dx.doi.org/10.1034/j.1600-0706.2000.900316.x
http://dx.doi.org/10.1034/j.1600-0706.2000.900316.x
http://dx.doi.org/10.1111/1365-2664.12456
http://dx.doi.org/10.1111/1365-2664.12456
http://dx.doi.org/10.1111/plb.12172
http://dx.doi.org/10.1890/10-1223.1
http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme
http://dx.doi.org/10.1007/s00442-006-0538-5
http://dx.doi.org/10.2307/4002919
http://dx.doi.org/10.1111/j.1365-2656.2010.01701.x
http://dx.doi.org/10.1111/j.1365-2664.2010.01837.x
http://dx.doi.org/10.2307/1942161
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120242
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120242
http://dx.doi.org/10.1086/674991
http://dx.doi.org/10.1086/674991
http://dx.doi.org/10.1890/12-0878.1
http://dx.doi.org/10.1111/j.1523-1739.1987.tb00055.x
http://dx.doi.org/10.1111/j.1523-1739.1987.tb00055.x
http://dx.doi.org/10.2307/1312365
http://dx.doi.org/10.2307/1312365
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150448
http://dx.doi.org/10.1146/annurev.ecolsys.33.010802.150448
http://dx.doi.org/10.1111/j.1365-2745.2008.01357.x
http://dx.doi.org/10.1111/j.1365-2745.2008.01357.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01509.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01509.x
http://dx.doi.org/10.1890/0012-9658(2000)081[1814:FICIPQ]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2000)081[1814:FICIPQ]2.0.CO;2
http://dx.doi.org/10.1890/07-0834.1
http://dx.doi.org/10.1890/12-1175.1
http://dx.doi.org/10.1890/12-1175.1
http://dx.doi.org/10.2307/2403605
http://dx.doi.org/10.1146/annurev.ecolsys.36.091704.175523
http://dx.doi.org/10.1111/j.1600-0706.2012.00126.x
http://dx.doi.org/10.1111/j.1600-0706.2012.00126.x
http://dx.doi.org/10.5061/dryad.s7423sv
http://dx.doi.org/10.5061/dryad.s7423sv
http://rspb.royalsocietypublishing.org/

	Reciprocal facilitation between large herbivores and ants in a semi-arid grassland
	Introduction
	Study site and methods
	Study system and background
	Experimental set-up
	Grazing treatment
	Ant suppression treatment

	Initial conditions
	Effects of cattle grazing on ants, plants, litter, and microclimate
	Effects of ants on cattle feeding behaviour, plants and soils
	Additional plant-litter-removal experiment
	Data analyses

	Results
	Ant suppression success
	Effects of cattle grazing on ants, plants, litter and microclimate
	Effects of ants on cattle feeding behaviour, plants and soils
	Additional plant-litter-removal experiment

	Discussion
	How large herbivores facilitate ants
	The reciprocal effects of ants on large herbivores
	Phylogenetic distance and the balance of animal competition and facilitation
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding

	Acknowledgements
	References


