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Invasion of an exotic species initiated by its local introduction is considered subject to intraguild predation (IGP). Mathematically,
the system dynamics is described by three nonlinear diffusion-reaction equations in two spatial dimensions. The key factors that
determine successful invasion are investigated bymeans of extensive numerical simulations.The results reveal high asymmetry. An
exotic species can invade successfully if it acted as the top predator and engaged in IGP, and the IGP interactions of the postinvasion
web will be kept. While the exotic species were introduced as the intraguild prey (IGprey), they invade and spread through patchy
invasion which corresponds to the invasion at the edge of extinction. Increase of the IGprey’s dispersal rate and decrease of the
IGpredator’s may make the IGprey invade. But the interactions of the postinvasion web will change from IGP to competition,
which is absolutely different from the first case. Finally, the common existence of IGP was explored once again from the perspective
of biological invasion.

1. Introduction

Biological invasion is an issue of increasing importance in
contemporary ecology and attracts considerable attention
both from theoretical and field ecologists [1–5]. Among
many issues related to biological invasions, the patterns and
mechanisms of species spatial dispersal are of significant
interest, while the interactions among factors determining
invasion success often remain poorly understood [6]. Cer-
tainly, invasion success is influenced by the ability of invading
individuals to withstand and overcome the various pressures
of newhost environments [7].These include direct behavioral
interactions with native species, such as competition and
predation [8, 9]. And it has been hypothesised previously that
intraguild predation may be one of the key mechanisms of
biological invasion [10–12].

Intraguild predation (IGP), when two species not only are
engaged in a predator-prey relationship but also compete for
a basic resource [13, 14], represents the simplest omnivorous
type of species interaction. Theoretical studies suggested
that the occurrence of omnivory destabilizes certain food
chains as compared to linear food chain models [13, 15].
Consequently, omnivory should be rare in nature if unstable
food chains fail to persist. Additionally, based on the seminal

theory developed by Holt and Polis [13] and subsequent
extensions of this model [14, 16–18], it is generally believed
that coexistence of the intraguild predator (IGpredator) and
the intraguild prey (IGprey) is only possible under very
limited conditions, and only if the prey is more efficient in
resource exploitation.These predictions corroborate with the
previous opinions about the role of omnivory in food webs.

However, the empirical fact contrasts sharply with theo-
retical expectations. Intraguild predation is commonly found
in many natural systems [19] and for a variety of different
species such as insects, amphibians, and fish [20–22]. The
food web of Broadstone Stream has been invaded by a
new top predator, the nymph of the Golden-ringed
Dragonfly, Cordulegaster boltonii Donovan (Anisoptera:
Cordulegastridae). C. boltonii, which was extremely
polyphagous and fed at all trophic levels, has invaded
successfully and persistently proliferated. And the web
complexity and omnivory also increased [11]. Recently two
coccinellids with more catholic feeding habits, Coccinella
septempunctata L. and Harmonia axyridis Pallas, have
been introduced for aphid biocontrol and have become
established throughout much of North America [23–27].
Both beetles feed not only on aphids, but also on a wide range
of nonaphid preys including other predators [10, 28–31].
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One major factor postulated to be important to the success
of these two invaders is their tendency to engage in the
intraguild predation (IGP) of native ladybirds [10, 12, 30–33].

There has been several reasons for the discrepancy. First,
experiments are often too short for the system to reach a
stable equilibrium, if there is equilibrium [34]. It is difficult
to extrapolate short-term experiments to long-term effects of
intraguild predation, especially when the populations exhibit
fluctuations [35]. Second, theory is about well-mixed popu-
lations in an unstructured environment, whereas the spatial
and temporal heterogeneity of nature has a profound effect on
intraguild predation interaction [36, 37]. Moreover, dispersal
enhances coexistence when a tradeoff between resource
competition and IGP is strong or when the Intraguild Prey
has an overall advantage [38]. Third, intraguild predation
interactions are generally embedded in complex commu-
nities. For example, cannibalism promotes the coexistence
of the IGpredator and IGprey [39], alternative prey can
influence the persistence and stability of a local intraguild
predation interaction [40]. All of above the reasons only
explain the stabilities and coexistence of postinvasion web,
while there are few theoretical studies onwhether and how an
exotic species could invade the preinvasion web successfully
through prevalent intraguild predation. In this study, an
exotic species was introduced and the coexistence of invader
and natives was explored through intraguild predation.

The combination of biological invasion and IGP in our
study was particularly fortuitous, for two reasons. First,
although a number of factors contribute to an exotic species
being a successful invader, including release from natural
enemies and parasites [41], and ecological disturbance by
humans that opens colonization sites [42], most introduced
species fail to invade successfully [42], and ecologists remain
limited in their ability to identify likely successful invaders
before the fact. Recently, several authors have suggested that
IGP of natives by exotics is likely contributing to the invasion
[8, 32, 43, 44]. Second, biological invasions provide opportu-
nities to study how foodwebs develop andhave beenmodeled
extensively (e.g., [45, 46]), although empirical data are scarce.
Therefore, we also expected to explain the common existence
of IGP from the perspective of biological invasion.

Partial differential equations (PDEs) provide a means of
melding organism movement with population processes and
have been used extensively to elucidate the effects of spatial
variation on populations. In this paper, PDEs were used to
model the phenomena of biological invasion, and the IGP
model of reaction-diffusion type was set up. First, the local
reactive kinetic of IGP (i.e., the IGP systemwithout diffusion)
was explored and the alternative equilibria were considered,
which are (1) only the resource and the IGprey are present,
the IGpredator cannot invade; (2) only the resource and
IGpredator are present, the IGprey cannot invade. Second,
with the spatial factors and species dispersal considered, the
exotic species were introduced as IGprey and IGpredator,
respectively. And the mechanisms of biological invasion and
coexistence were studied. The influence of dispersal rate on
the population abundance of IGP interaction will also be
investigated.

2. Model and Method

To examine the exotic invasion and coexistence with native
via IGP, we consider the two-dimensional spatial dynamics of
a IGP system described by three partial differential equations
of reaction-diffusion type. This system is considered in a
homogeneous environment and is a simple extension of
diffusive predator-prey model [3, 47, 48].

Let 𝑅, 𝑁, and 𝑃 denote the abundance of basic resource,
IGprey and IGpredator, respectively. we assume that in the
absence of predators, the basal resource grows logistically,
withmaximum intrinsic growth rate, 𝑟, and carrying capacity,
𝐾. The IGprey feeds on the basal resource with attack rate
𝑎
𝑅𝑁

, converting consumed resource into new predators with
conversion efficiency, 𝑐

𝑅𝑁
. The functional response of IGprey

is Holling type I. The IGpredator can feed on both the basal
resource (with attack rate 𝑎

𝑅𝑃
and conversion efficiency 𝑐

𝑅𝑃
,

Holling type I functional responses) and the IGprey (with
attack rate 𝑎

𝑁𝑃
and conversion efficiency 𝑐

𝑁𝑃
, Holling type

II functional responses). We assume that predators 𝑁 and
𝑃 have density-independent per capita death rates, 𝐸

𝑁
and

𝐸
𝑃
, respectively. With these assumptions, the spatiotemporal

dynamics of IGP are described by the following:
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where 𝑟 = (𝑋, 𝑌) is the location in space. 𝑇 is time. 𝐷
𝑖
(𝑖 =

1, 2, 3) is the diffusion coefficient that measures dispersal
rate, with units distance2/time. And𝐻 is the half-saturation
IGprey density.

In order to reduce the number of model parameters
we introduce dimensionless variables: 𝑢 = 𝑅/𝐾, 𝑣 =
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Then, (1a)–(1c) can be rewritten as the following:
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Figure 1: Regions of potential coexistence for the local reactive kinetic of (2a)–(2c). In the region labeled “IGprey” (on the right side of the
line marked “(1)” and below the line marked “(3)”), the IGprey extirpates the IGpredator, whereas in the region labeled “IGpredator” (in
the right of the line marked “(1)” and above the line marked “(2)”), the IGpredator extirpates the IGprey. Region labeled “either” is that in
which coexistence is not possible, but the species that persists depends on initial conditions. Region labeled “Coexist” is the intersection of
the regions labeled “IGprey” and “IGpredator.” Parameter values were chosen to be system appropriate: 𝜅

1
= 0.7, 𝛼 = 2, ℎ = 0.5, 𝑒

1
= 0.1,

and 𝑒
2
= 0.21.

To understand well the dynamics of the system given by
(2a)–(2c), it is worth giving a brief account of the properties
of the well-mixed, spatially homogeneous system without
diffusion terms (i.e., local reactive kinetics). The system has
five possible equilibria: (i) total extinction (0, 0, 0); (ii) Only
the resource is presence (1, 0, 0); (iii) the resource and IGprey
are presence (𝑒

1
/𝜅
1
, (1/𝜅
1
)(1 − 𝑒

1
/𝜅
1
), 0); (iv) the resource

and IGpredator are presence (𝑒
2
/𝜅
2
, 0, (1/𝜅

2
)(1 − 𝑒

2
/𝜅
2
)); (v)

all species are present (𝑢∗, 𝑣∗, 𝑤∗); (see the Appendix for
infomations about the equilibria).

Using invasion analysis [13, 49], we can obtain the follow-
ing: (1) the predator can invade when rare (i.e., its per capita
growth rate at low density is positive) if 𝜅
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2
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> 0.When the invasion criteria

are both satisfied, the prey and the predator can coexist.
Because the goal is to explorewhether IGP interaction has

a positive effect on the invasion of exotic organism and revisit
the coexistence of IGP from the perspective of biological
invasion, we restrict attention to the following two situations:
(1) only the resource and IGprey are present; (2) only the
resource and IGpredator are present. Rather than attempting
an exhaustive exploration of the parameter space we only
choose two sets of parameters that represent above situations,
respectively.

The system (2a)–(2c) was solved numerically by finite
differences. Computer experiments were run in a square
numerical domain 𝐿 × 𝐿 where 𝐿 = 300. And the explicit
schemewas used. Also sensitivity of the results with respect to
the values of the grid steps was checked and they were chosen
reasonably small to avoid any essential numerical artifact.
At the boundary of the domain, the zero-flux boundary
conditions were used.

3. Simulation Analysis and Results

For the local reactive kinetic of the IGP model (2a)–(2c),
coexistence of the two consumers on the single resource is
possible only if the IGprey is more efficient than the IGpreda-
tor at suppressing the abundance of the basal resource, and if
the IGpredator accrues a sufficient gain from attacking the
IGprey. Figure 1 shows the equilibrium invasion criteria for
the local reactive kinetics of model (2a)–(2c). Coexistence of
the two consumers is possible (but not ensured) if invasion
by each species into an equilibrium of its competitor is
possible (i.e., 𝜅

1
> 𝑒
1
and 𝜅

2
> 𝑒
2
). Mutual invisibility may

not lead to stable coexistence; numerical analysis suggests
that the equilibrium is largely influenced by the intensity of
omnivorous (𝜅

3
).

Biological invasionusually startswith a local introduction
of exotic species; thus, relevant initial conditions for system
(2a)–(2c) should be described by functions of compact
support when the density of one or both species at the
initial moment of time is nonzero only inside a certain
domain. The shape of the domain and the profiles of the
population densities can be different in different cases [50].
In order to study the effect of IGP on the biological invasion
in model (2a)–(2c), we firstly choose the parameters from
Figure 1 in which the IGpredator cannot invade and the
initial distribution of species was taken as follows: 𝑢(𝑟, 0) =
0.2, if 50 < 𝑥 < 130 and 110 < 𝑦 < 190 or if 140 < 𝑥 < 240

and 60 < 𝑦 < 160, otherwise, 𝑢(𝑟, 0) = 0; 𝑣(𝑟, 0) = 0.7, if
150 < 𝑥 < 230 and 70 < 𝑦 < 150, otherwise, 𝑣(𝑟, 0) = 0;
𝑤(𝑟, 0) = 0.5, if 60 < 𝑥 < 120 and 120 < 𝑦 < 180 or if 160 <
𝑥 < 220 and 80 < 𝑦 < 140, otherwise, 𝑤(𝑟, 0) = 0. Results
of our computer simulations show that, the alien species can
invade and propagate via continuous travelling population
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Figure 2: Typical spatial pattern of the density of IGprey (left column) and IGpredator (right column) in two-dimensional space for the
system (2a)–(2c). Parameter values: 𝜅

1
= 0.7, 𝜅

2
= 0.2, 𝜅

3
= 0.23, 𝛼 = 2, ℎ = 0.5, 𝑒

1
= 0.1, 𝑒

2
= 0.21, 𝜀

1
= 1, and 𝜀

2
= 1.5. From the top

row to bottom, panel represents spatial patterns at time 100, 300, 600, and 1,000, respectively.

fronts if they feed on resources at different trophic levels (i.e.,
IGP), whereas it is hard to survive when theywere introduced
to the place where only the basal resource exists (Figures
2(a)–2(d)). When the IGpredator invades successfully and
coexists with the others, the IGprey’s abundance declines at

first and then increases, but the resource’s is the opposite
(Figure 3).

The long-term abundances of the resource, the IGprey
and the IGpredator, are affected by the IGprey’s dispersal rate
(𝜀
1
) and the IGpredator’s dispersal rate (𝜀

2
) (Figure 4). More
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Figure 3: The population dynamics of the IGP system with diffusion. All parameter values are the same as Figure 2.

precisely, the abundances of the IGprey and the resource are
only affected by the IGpredator’s dispersal rate, while the
abundance of the IGpredator is affected by the dispersal rate
of the both. When the IGpredator’s dispersal rate increases,
the abundances of the IGpredator and the IGprey increases
and the resource’s decreases (Figures 4(a) and 4(b)). When
the IGpredator’s dispersal rate is very small, its abundance
increases initially and then decreases with increasing the
IGprey’s dispersal rate. While the IGpredator’s dispersal rate
is large, its abundance decreases monotonically (Figure 4(c)).

Next, we chose the parameters fromFigure 1 onwhich the
IGprey cannot invade and the initial distribution of species
was taken as follows: 𝑢(𝑟, 0) = 0.5, if 100 < 𝑥 < 200 and
100 < 𝑦 < 200, otherwise, 𝑢(𝑟, 0) = 0; 𝑣(𝑟, 0) = 0.8, if
110 < 𝑥 < 190 and 110 < 𝑦 < 190, otherwise, 𝑣(𝑟, 0) = 0;
𝑤(𝑟, 0) = 0.5, if 120 < 𝑥 < 180 and 120 < 𝑦 < 180, otherwise,
𝑤(𝑟, 0) = 0. The IGprey invades and yields a completely
different pattern of population spread, in particular, the
regime of patchy invasion [51, 52], which is shown in Figure 5
as an example. At the early stage of the system dynamics, the
species spread is characterized by formation of a continuous
front (see Figure 5(a)). At later time, however, the front breaks
into pieces and no continuous front arises again, (cf. Figures
5(c) and 5(d)). Apparently, a structure of niche partition
arises (Figures 5(b)–5(d)). When the IGprey is introduced
to this system, the abundance of the resource and the
IGpredator gradually increase initially, but the increasing
trend of resource is stronger than the IGpredator’s. During
a period of time, the IGpredator still keeps monotonically
increasing, and the abundance of IGprey forms a hump, but
the resource sharply decreases after reaching the maximum
value (Figure 6).

The abundances of the resource and the IGprey are not
influenced by certain parameters regions, which are charac-
terized by relatively small dispersal rate of IGprey and the
corresponding dispersal rate of IGpredator determined by the
variation of IGprey’s dispersal rate. Except the above extreme
case, the abundance of the resource decreases with increase of
IGprey’s dispersal rate and decrease of IGpredator’s dispersal
rate, however, the IGprey is contrary to it (Figures 7(a) and
7(b)).The abundance of the IGpredator increaseswith disper-
sal rate of both IGprey and IGpredator increasing, especially,
there arises a steep slope in the variable process (Figure 7(c)).

4. Discussion

Since Elton’s classic treatise [53], there has been great interest
in the conditions that make habitats invisible [54], in the life
histories and genetics of invaders [55], and in the ecological
impact of invasions [54]. Ecologists have long sought to
identify key factors that determine why some exotic species
turn invasive and damaging to native species while others fail
to do so (e.g., [56]). Successful invasion involves a number
of stages, including initial introduction; establishment in
the new habitat; and range expansion. Amongst biological
control practitioners, these topics have recently become of
great interest in regards to the establishment and spread
of introduced aphidophagous ladybirds (Coleoptera: Coc-
cinellidae). Two ladybird species in particular have been
spectacular in their success as invaders in North America:
Coccinella septempunctata Linn. (e.g., [26, 57–59]) and Har-
monia axyridis Pallas (e.g., [24, 27, 60, 61]). Harmonia
axyridis and C. septempunctata are native to Japan, where
they often dominate ladybird guilds (e.g., [62]). Recently,
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Figure 4: Long-term (equilibrium) abundances of the resource, the IGprey and the IGpredator as a function of the IGprey’s dispersal rate
(𝜀
1
) and the IGpredator’s dispersal rate (𝜀

2
). Parameter values used are: 𝜅

1
= 0.7, 𝜅

2
= 0.2, 𝜅

3
= 0.23, 𝛼 = 2, ℎ = 0.5, 𝑒

1
= 0.1, and 𝑒

2
= 0.21.

the two-spotted ladybird,Adalia bipunctata (Linn.), an exotic
to Japan, was introduced at the port town of Osaka [63], but
it did not succeed in expanding its distribution [64]. The all
above facts told us that successful invasion relates to direct
or indirect trophic level relationships with natives. However,
few studies have investigated the mechanisms of biological
invasion and coexistence in a natural community with IGP.
In this paper, a theoretical investigation was conducted to
study the effect of IGP on biological invasion and coexistence
through constructing PDEs models. Moreover, the common
coexistence of IGPwill also be explained from the perspective
of biological invasion.

Through the analysis of the local reactive kinetics of
model (2a)–(2c), we mainly focused on two situations: (1)
only the resource and the IGprey are present, the IGpredator
cannot invade, and (2) only the resource and IGpredator are
present, the IGprey cannot invade.We found, when the exotic
species was introduced to the first situation and acted as the
IGpredator, that they can invade successfully and propagate
via continuous travelling population fronts, whereas it is hard

to survive when they were introduced to the place where
only the basal resource exists (Figures 2(a)–2(d)). This
result supported the hypothesis that the success ofHarmonia
axyridis and C. septempunctata is their tendency to engage in
the intraguild predation (IGP) of native ladybirds [10, 12, 30–
33].

However, when the exotic species were introduced to
the second situation and acted as the IGprey, they invade
and spread through patchy invasion (Figure 4). The patchy
spread corresponds to the invasion at the edge of extinction
so that a small variation of parameters either restores the
usual scenario of invasion via travelling population waves
or brings the species to extinction [65]. For example, with
decrease of the IGprey’s dispersal rate, the exotic species will
extinct at last (Figure 7(b)). Our result concludes that IGP
by native species is one of the key mechanisms of biotic
resistance responsible for the failure of an exotic species to
invade. This result can explain why A. bipunctata did not
establish in Japan. Elton [53] also suggested thatmany species
are invasive because they arrive in areas without their natural



Journal of Applied Mathematics 7

50 100
(a)
150 200 250 300

50

100

150

200

250

300

50 100 150 200 250 300

50

100

150

200

250

300

(a′)

50 100 150 200 250 300

50

100

150

200

250

300

(b)
50 100 150 200 250 300

50

100

150

200

250

300

(b′)

50 100 150 200 250 300

50

100

150

200

250

300

(c)
50 100 150 200 250 300

50

100

150

200

250

300

(c′)

50 100 150 200 250 300

50

100

150

200

250

300

(d)
50 100 150 200 250 300

50

100

150

200

250

300

(d′)

Figure 5: Typical spatial pattern of the density of IGprey (left column) and IGpredator (right column) in two-dimensional space for the
system (2a)–(2c). Parameter values: 𝜅
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row to bottom, panel represents spatial patterns at time 100, 300, 600, and 1,000, respectively.

enemies [53]. A new top predator, the dragonflyCordulegaster
boltonii Donovan, has invaded and persistently proliferated
within the food web of Broadstone Stream over the past 25
years; no other species have invaded successfully at the lower
trophic levels [11]. Therefore, the successful invasion is more

easily achieved by an exotic species which engages in the IGP
of native species.

The establishment of the IGpredator may bring the
decline in IGprey at the beginning and the increase later,
but the resource’s is the opposite (Figure 3). The biological
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Figure 6: The population dynamics of the IGP system with diffusion. All parameter values are the same as Figure 5.

reasons could be as follows. Because the IGpredator interacts
indirectly by competing for shared resources and directly
through intraguild predation, the IGprey will face the double
pressure of resource competition and predation risk thus
naturally decrease at the early stage. As the IGprey declines,
the resource will increase, although the IGpredator also feeds
on it.This “trophic cascades” occurrencemay be theweak link
between the IGpredator and resource (e.g., 𝜅

3
= 0.2). Spatial

dispersal also has an influence on the coexistence of IGP.The
IGprey can escape from the hunting of IGpredator through
dispersal and gradually increase. Certainly, the resource will
decrease as a result of been consumed.

Because the IGprey invades at the edge of extinction
(Figure 5) and has a extinction risk for a long time (Figure 6),
the abundance of the resource and the IGprey are not
essentially affected by the invasion of IGprey and increase at
the initial stage. Escaping from the hunting of IGpredator,
the IGprey spread at the periphery of the IGpredator. That
is to say, the IGprey and IGpredator suffer from the niche
partition (Figures 5(b)–5(d)), the relationship of which is not
IGP any longer but competition. Without the predation risk,
the IGprey increases. As the result of competition of two
preys for the resource, the abundance of resource declines.
Because of reduction in the resource, the IGprey decreases
after reaching the maximum abundance (Figure 6).

After studying the mechanisms of biological invasion
through IGP, it is necessary to consider the coexistence of
postinvasion web. We found the asymmetric dispersal of IGP
has an important effect on the coexistence and abundance
of species. First, the spatial dispersal enhances invasion and
coexistence when an exotic species cannot invade and coexist
with the natives in the local reaction kinetic system.As shown
in Amarasekare’s study [38], random dispersal enhances
coexistence when a tradeoff between resource competition
and IGP is strong and/or when the IGPrey has an overall

advantage. The simulation result in our study showed that
this conclusion also seemed to be true for the IGP system of
reaction-diffusion type.

Second, dispersal plays a different role in species coex-
istence when an asymmetric invasion occurs via IGP. When
an exotic species was introduced to engage in IGP, both
the alien and natives coexist and keep the relationship of
IGP. Dispersal only has an influence on the abundance of
the coexisting species. Because of low-density invasion of
the IGpredator, its abundance is sensitive to the IGprey’s
dispersal. The IGprey escapes from being hunted through
dispersal, thus the IGpredator will decline as a result of the
lack of food (Figure 4(c)). With increase of the IGpredator’s
dispersal, its opportunities for predation augment and then
its abundance also increase. Analogous to the paradox of
enrichment [66], the IGprey increases with the increase
of IGpredator (Figure 4(b)). The biological reason for this
phenomena could due to the low-density invasion of the
IGpredator and the enrichment of the resource. It is clear
that the resource is rapidly consumed with the increase of
IGpredator’s dispersal (Figure 4(a)). When an exotic species
invades as the IGprey, there are two results: coexistence or
not. Increasing the IGprey’s dispersal rate and decreasing
the IGpredator’s may enhance coexistence (Figures 7(a)
and 7(b)). However, the interactions change from IGP to
competition and the IGprey survives from niche partition.

Biological invasions are a worldwide phenomenon that
threatens to dramatically change the interactions of prein-
vasion web. When an exotic species invades as the top
predator, it can take two strategies: only feeds on the resource
and feeds on both native predator and resource. Simulation
results show that successful invasion occurs by means of the
second strategy (Figure 2). That is to say, IGP is an optimal
strategy in biological invasion, thus it can be favored by the
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Figure 7: Long-term (equilibrium) abundances of the resource, the IGprey and the IGpredator as a function of the IGprey’s dispersal rate
(𝜀
1
) and the IGpredator’s dispersal rate (𝜀

2
). Parameter values used are 𝜅

1
= 0.7, 𝜅

2
= 0.4, 𝜅

3
= 0.4, 𝛼 = 2, ℎ = 0.5, 𝑒

1
= 0.1, and 𝑒

2
= 0.21.

natural selection. Therefore, the interaction of pre-invasion
web will be changed to IGP. From the standpoint of biological
invasion, IGP is commonly found in nature. This issue is the
first study that theoretically demonstrates the effect of IGP on
biological invasion and coexistence and also is an innovation
that explains why IGP commonly exists in nature from the
perspective of biological invasion.

Appendix

The properties of the well-mixed, spatially homogeneous
system, that is, (2a)–(2c) without diffusion terms, is written
as follows:

𝑑𝑢

𝑑𝑡
= 𝑢 [(1 − 𝑢) − 𝜅

1
𝑣 − 𝜅
2
𝑤] , (A.1a)

𝑑𝑣

𝑑𝑡
= 𝑣 [𝜅

1
𝑢 −

𝛼𝜅
3
𝑤

𝑣 + ℎ
− 𝑒
1
] , (A.1b)

𝑑𝑤

𝑑𝑡
= 𝑤 [𝜅

2
𝑢 +

𝜅
3
𝑣

𝑣 + ℎ
− 𝑒
2
] . (A.1c)

The system has five possible equilibria: (i) total extinc-
tion (0, 0, 0); (ii) only the resource is presence (1, 0, 0);
(iii) the resource and IGprey are presence (𝑒

1
/𝜅
1
, (1/𝜅
1
)(1 −

𝑒
1
/𝜅
1
), 0); (iv) the resource and IGpredator are presence

(𝑒
2
/𝜅
2
, 0, (1/𝜅

2
)(1 − 𝑒

2
/𝜅
2
)); (v) all species are present

(𝑢
∗
, 𝑣
∗
, 𝑤
∗
), where

𝑢
∗
= 1 − 𝜅

1
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2
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∗
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) ,

(A.2)
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where

𝐷 = 𝜅
1
𝜅
2
(𝜅
2
− 𝑒
2
) − (1 − 𝛼) 𝜅1𝜅2𝜅3 − 𝑒1ℎ
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(A.3)

System (A.1a)–(A.1c) is too complicated to evaluate the
local stability through standard procedures. Here, we will
analyze the equilibria stabilities by invasion analysis [13, 49].

Obviously, equilibrium (i) is unstable because of a positive
carrying capacity for the basal resource. Equilibrium (ii) is
stable only if neither the IGprey nor IGpredator subsists on
the resource alone. while the IGprey or the IGpredator or
both species invade, the equilibrium (ii) will be unstable.

According to the above analysis, the IGprey can invade
the state (ii) when 𝜅

1
𝑢 − 𝛼𝜅

3
𝑤/(𝑣 + ℎ) − 𝑒

1
> 0, where 𝑢 = 1,

𝑤 = 0. We can get

𝜅
1
> 𝑒
1
. (A.4a)

The IGpredator can invade the state (ii) when 𝜅
2
𝑢 + 𝜅
3
𝑣/(𝑣 +

ℎ) − 𝑒
2
> 0, where 𝑢 = 1, 𝑣 = 0. We get

𝜅
2
> 𝑒
2
. (A.5a)

When both inequalities (A.4a) and (A.5a) hold, either
consumer can invade the state (ii).

Equilibrium (iii) exists, provides the IGprey can invade
at resource density of 1, that is, inequality (A.4a) holds. The
condition for this equilibrium to be unstable with respect to
invasion by the IGpredator is 𝜅

2
𝑢+𝜅
3
𝑣/(𝑣+ℎ)−𝑒

2
> 0, where

𝑢 = 𝑒
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2
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2
> 0. (A.6a)

In the same way, equilibrium (iv) exists when inequality
(A.5a) holds. The condition for this equilibrium to be unsta-
ble because of invasion by the IGprey is 𝜅

1
𝑢 − 𝛼𝜅

3
𝑤/(𝑣 +

ℎ) − 𝑒
1
> 0, where 𝑢 = 𝑒

2
/𝜅
2
, 𝑤 = (1/𝜅

2
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2
). we can
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2
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3
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2
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2
)

𝜅
2

2
ℎ
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1
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Finally, equilibrium (v) can exist only if both inequalities
(A.6a) and (A.7a) hold. Because of the complication of
equilibrium (v), we will not analyze the local stability of this
equilibrium.This does not affect our overall research.
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