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Biological invasions are a major cause of species extinction and biodiversity loss. Exotic predators
are the type of introduced species that have the greatest negative impact, causing the extinction of
hundreds of native species. Despite this, they continue to be intentionally introduced by humans.
Understanding the causes that determine the success of these invasions is a challenge within the
field of invasion biology. Mathematical models play a crucial role in understanding and predicting
the behavior of exotic species in different ecosystems. This study examines the effect of predation
and competition on the invasion success of an exotic generalist predator in a native predator-prey
system. Considering that the exotic predator both consumes the native prey and competes with the
native predator, it is necessary to study the interplay between predation and competition, as one of
these interspecific interactions may either counteract or contribute to the impact of the other on the
success of a biological invasion. Through a mathematical model, represented by a system of ordinary
differential equations, it is possible to describe four different scenarios upon the arrival of the exotic
predator in a native predator-prey system. The conditions for each of these scenarios are described
analytically and numerically. The numerical simulations are performed considering the American mink
(Mustela vison), an invasive generalist predator. The results highlight the importance of considering
the interplay between interspecific interactions for understanding biological invasion success.

Biological invasions are one of the major drivers of current species extinction and biodiversity loss'™. Under-
standing the causes that determine the success of these invasions is a challenge within the field of invasion
biology, as it allows the improvement of early detection, prevention and management programmes>®°. Extensive
research efforts have focused on introduction history, species traits, and ecological and evolutionary processes”®.
Based on this, it is possible to define three key factors that determine the success of a biological invasion: inva-
siveness of the exotic species, invasibility of the site, and propagule pressure’'!.

The invasiveness of the exotic species corresponds to its ability to become established, while the invasibility
of the site corresponds to the abiotic and biotic components of the receiving ecosystem to be invaded, which
include the characteristics of the native species>'®!2. Relative differences in the demographic factors exhibited
by both exotic and native species play a crucial role in interspecific interactions and consequently in the success
of the invasion'*~'°. Regarding the propagule pressure, it corresponds to the number of introduction events and
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the number of individuals introduced in each of these events®'*. The initial propagule size (i.e., number of
individuals) necessary for establishment depends on the invasibility of the site*"*2,

The arrival of an exotic species in a native predator-prey system can have a significant impact on ecosystems
and consequently disrupt the balance of biodiversity?*-*. The new interspecific interactions that occur depend
on the role that the exotic species assumes. In some cases, exotic species may emerge as competitors, potentially
challenging one or both of the native species, either directly or indirectly through resource use. Although com-
petition by interference is indirect competition for the resource, it can involve direct negative interactions arising
from territoriality, overgrowth, predation or chemical competition®*?’. The exotic invasive species that displace
native fauna and flora appear to do so via superiority in interference competition?-*. Alternatively, exotic spe-
cies may assume the role of potential predators for which native prey lacks defense or escape mechanisms®'.
Predator behavior and its effects on prey populations can be described by the functional response®. An exotic
predator with a Holling Type-I functional response exhibits a linear increase in feeding rate as it encounters more
prey, simplifying the comparison between native and exotic predator rates. For example, if the exotic predator
consumes more prey than the native predator, the native prey population may decrease, and consequently, native
predator population may also decline®*-%.

An exotic predator in a native predator-prey system may simultaneously consume the native prey and indi-
rectly compete with the native predator for resources®®*. In this context, invasion success depends on predation
pressure and the intensity of competition imposed by the exotic. These interspecific interactions may either
counteract or contribute to the effects of the other on the success of a biological invasion®*. Therefore, it is
important to consider the interplay between predation and competitive interactions in the establishment of the
exotic predator.

Empirical studies of biological invasions have been used to understand the factors influencing the estab-
lishment of exotic species*®*!. However, these studies have faced challenges in collecting information, such as
geographical limitations that limit their scope in different ecosystems and long observation periods to capture
long-term changes in invaded ecosystems*2. Mathematical models provide a powerful tool for ecologists and
conservationists to analyze and interpret complex ecological processes***!. These models play a crucial role in
understanding and predicting the behavior of exotic species in different ecosystems**~**. Through their study and
analysis, it is possible to explore hypothetical scenarios, assess the long-term consequences of invasive species
and evaluate the effectiveness of different control measures. For instance, Gutierrez and Teem proposed a novel
method to induce the extinction of an exotic fish population using a genetic approach®. Mougi showed that adap-
tive trait dynamics can lead to cyclic coexistence between native and exotic species, even when their ecological
traits are very similar and interspecific competition is strong?. Jones et al. have contributed to the conservation
of red squirrels across the UK by studying the dynamics of competitive and epidemiological interactions in the
red-grey-squirrelpox system*. Inoue provides a method for quantitatively assess the impact of bycatch on native
populations and to determine the conditions under which only invasive species are removed*’.

This study uses a mathematical model to investigate the effects of competition and predation, as well as their
interaction, on the success of a biological invasion. Notably, the analysis focuses on the invasion success during
the establishment stage of the biological invasion process'. The model is represented by a system of ordinary
differential equations and describes the population dynamics of a native predator-prey system, in which an exotic
predator consumes the native prey and competes with the native predator. Predation rates and competition coef-
ficients of both predators are assumed to be proportional, simplifying the comparison of the predation pressure
and competition intensity of the exotic predator in relation to the native predator. General analytical and numeri-
cal results of the model allow the determination of the conditions necessary for invasion success, highlighting
the importance of considering the interplay between interspecific interactions. Furthermore, to exemplify the
modeling approach, numerical simulations are performed considering the American mink (Mustela vison). This
invasive species imposes risks to native wildlife, is a potential generalist predator responsible for declines in native
preys including birds®*> and mammals®. Moreover, it had serious negative impacts on native competitors such
as Lutra lutra and Lontra provocax in Europe and South America, respectively®*’.

The model

We formulated a mathematical model to describe the dynamics of native and exotic populations. First, the
model considers only native predator and prey species to establish baseline conditions. Then the exotic preda-
tor is introduced and the three species are considered together by modifying this two-species model, which
is termed native predator-prey system. In the two-species native model, x = x(t) and y = y(¢) correspond to
the population densities of the prey and predator species as a function of time ¢, respectively. The two-species
native model is formulated by deterministic coupled differential equations based on the classical Lotka-Volterra
predation model****:

dx X

e =f(x,y) = rx(l — E> — dxy "
d

d% =gxy) 1= pdxy — qy,

where prey population growth is described by a simple logistic equation and is reduced by encounters with
predators. Predator population growth depends on prey consumption and decreases exponentially in the absence
of prey. The standard ecological parameters r, K, d, p and g are defined in Table 1. This model was studied in®.
The equilibrium points and their stability conditions are shown in Table 2. It is important to note that, when the
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Parameter | Ecological meaning Unit

r Intrinsic growth rate of the native prey ¢!

s Intrinsic growth rate of the exotic predator =1

K Carrying capacity of native prey indiv.

d Predation rate of the native predator (indiv.t)™!
n Enlarger of carrying capacity indiv.t

o

Carrying capacity minimum of exotic predator guaranteed by the alternative food | indiv.

b Competition coefficient (indiv.t) ™!
P Conversion coefficient: food intake to new native predator unitless

q Mortality rate of the native predator !

o Constant of proportionality between predation rates unitless

B Constant of proportionality between competition coefficients unitless

Table 1. Ecological meaning of parameters in the model (1) and model (2).

Equilibria Existence condition Stability condition
eo = (0,0) Always Always unstable
ey = (K,0) Always pdK < q
— (4 rpdk=q
ey = (TP’ i ) pdK > q Always

Table 2. Existence and stability conditions of the equilibria of the model (1). When pdK = q the equilibria e,
and ey, are equals.

mortality rate q exceeds or equals the theoretical maximum birth rate of the prey population (when the prey
population is K), the predator becomes extinct.

In the formulation of three species model (native prey and predator, plus exotic predator, as shown in Fig. 1),
the following assumptions are made:

@
(i)
(iii)
(iv)

)

The biological system consists of three species: the native prey, the native predator, and the exotic preda-
tor. Their densities over time are denoted by X = X(¢), Y = Y (¢) and Z = Z(t), respectively.

Native prey follows a logistic growth with carrying capacity K and intrinsic growth rate r. Its growth is
reduced by encounters with native and exotic predators.

The native predator has a specialist feeding strategy, which means that in the absence of prey population,
the native predator population declines exponentially with a per capita mortality rate g.

The exotic predator has a generalist feeding strategy. Its carrying capacity depends on the size of the prey
population X and other available food c. Therefore, even in the absence of the prey, the exotic predator
population follows a logistic growth with carrying capacity c and at an intrinsic growth rate s.

The native and exotic predators have constant consumption rates. Then, the per capita consumption rate
of both predators on the native prey is represented by a linear functional response®2.

X(®) Y(t)

Native Native

Prey predator

ad b ’:’
ey
’ /

Exotic
Predator

Z(t)

Figure 1. Interactions diagram between native and exotic populations. Solid arrows denote the decrease in prey
population due to predation. Dashed arrows indicate the population decrease due to competition on both native
and exotic predator populations.

Scientific Reports |

(2024) 14:4416 |

https://doi.org/10.1038/s41598-024-53344-1 nature portfolio



www.nature.com/scientificreports/

Native predator density

o
o

o
)

°
~

o
(V)

(vi) Itisassumed that both predation rates are proportional, so if « is the positive constant of proportionality,
then d and «d are per capita consumption rates of the native predator and exotic predator, respectively.
Importantly, ifa > 1, the exotic predator consumes more prey relative to the native predator. Conversely,
if @ < 1, the exotic predator consumes less prey relative to the native predator. This makes it easier to
compare the effect of the two predators on the prey population. Furthermore, the efficiency with which
native prey is consumed leads to the production of native and exotic predators, parameters denoted by
p and n, respectively.

(vii) Competition coeflicients are proportional, such that if B is a positive constant of proportionality, then
b and Bb are the mortality rates by competition of the exotic predator and native predator, respectively.
Note that, if 8 > 1, the exotic predator is a better competitor relative to the native predator. Conversely, if
B < 1, the exotic predator is a worse competitor relative to the native predator. This allows a comparison
of the effect of competition between both predators.

Given the above assumptions, the mathematical model is described by the following system of equations:

dx
— =f(X,Y) —adXZ
5 S &) —od
Y
‘1171‘ =g(X,Y) — BbYZ )
dz .
i sZ{1 = Z/k(X)} = bZY, with «(X) :=nadX +c,

wherer, K, s, 1, ¢, b, d, a, B, p, q are positive parameters (see Table 1). Observe that if Z = 0 for any ¢t > 0, the sys-
tem (2) reduces to (1). In addition, in marginal terms, i.e., in the increase from Z to Z + 1, the loss in birth and the
increase in mortality due to intraspecific competition is s/{nadX + c}, this is decreasing with respect to X from a
maximum s/c. In order to make a proportional comparison between the predation rates of the native and exotic
predators, a direct qualitative analysis of the system (2) is conducted, explicitly maintaining the parameter d.

Results

Native predator-prey system

In the native predator-prey system (1) the coordinates of the positive equilibrium ey, = <%, %ﬁ;@
on the parameters r, K, p, g and d, whose ecological meanings are presented in Table 2. The predation rate d has
a considerable effect on the dynamics of the model in contrast to other parameters. Predator density has a posi-
tive correspondence with r, K, and ¢, while it shows a negative correspondence with p. However, the population
predator may increase or decrease as d increases (see Fig. 2).

) depends

Proposition 1 In native predator-prey system (1) the equilibrium ys as a function of d: (a) increases rapidly if
0 < d < d* (b) decreases slowly ifd > d*, or (c) reaches its peak ifd = d*, where d* = 2q/(Kp).

Proof Proposition 1 The predator population at equilibrium, as a function of d, is given by y; = r(d — d*/2)/d>.
Considering that its derivative is dy;/0d = r(d* — d)/ d3, assertions (a), (b), and (c) are clear analyzing its signs.

Remark 1 It can be observed that the predator equation with d = d* takes the form dy/dt = qy{x/(K/2) — 1}
from which it can be concluded that when the prey population reaches its maximum natural growth at K/2, the
predator population also reaches its peak value. This finding suggests an optimized logistic balance between the
two species.
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Figure 2. The variation of the native predator density y; in relation to the predation rate d for different values of
r, g and p. As parameter d increases, the native predator density first increases until it reaches a maximum and
then decreases.
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Including an exotic predator into the native predator-prey system

The model (2) has a maximum of seven equilibrium points of ecological interest. The existence and stability con-
ditions for each equilibrium are provided in Table 3 (see Stability conditions in Supplementary Material for more
details). Taking these conditions into account, the parameter space («, B) is partitioned into different regions as
shown in Figs. 3 and 4. Each region represents a different scenario in which an exotic propagule enters a native
predator-prey system in equilibrium. In scenario I, the exotic population cannot grow, therefore the native sys-
tem remains in equilibrium, that is, Exy is asymptotically stable. In scenario II, the exotic population grows and

Equilibrium Existence condition Stability condition

Ey = (0,0,0) Always Always unstable

Ex = (K,0,0) Always Always unstable

Exz = (‘ﬁgz’;ﬂ‘ﬂ,o, g;;g;g‘ff:) r—adc>0 ad?K(cp + angH[Bb(c + adKn) — pdK + q|r > 0
Ez; = (0,0,¢) Always r < acd

E = (Xs> W) Pdif}isb*q) Bb(c + nadX;) > pdX; —q > 0 | See Stability conditions in Supplementary Material

Table 3. Existence and stability conditions of the equilibria of the model (2). When pdK = g the equilibria Ex
and Exy are equals.

a) b=10.01 b) b=0.02 c) b=0.04
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Figure 3. Bifurcation diagram in the («, B)-plane, for different values of parameter b and fixed r = 1.2,
s=02,K =100,c = 10,n =2, p = 0.05,g = 0.05and d = 0.1. The initial point (¢, B0, X0, Yo, Zo) for the
numeric continuation of the bifurcation curve are: panel (a) (0.505, 1.086, 40.625, 0.0045, 14.1), panel (b)
(0.505, 0.543, 40.6421, 0, 14.1049) and panel (c) (0.505, 0.271, 40.6421, 0, 14.1049). The colors represent the
intensity of predation and competition by the exotic predator compared to the native predator. The light color
indicates low predation and competition. The medium color suggests lower predation and high competition (or
vice versa). The dark color suggests high predation and competition.
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Figure 4. Bifurcation diagram in the (o, 8)-plane, for different values of parameter d and fixedr = 1.2,
s=0.2,K =100,c =10,n =2, p = 0.05,g = 0.05and b = 0.01. The initial point (&, Bo, X0, Yo, Zo) for

the numeric continuation of the bifurcation curve are: panel (a) (0.505, 1.086, 40.625, 0.0045, 14.1), panel (b)
(0.505, 0.076, 8.922, 4.874, 7.768) and panel (c) (0.242, 0.869, 7.471, 0.0067, 11.442). The colors represent the
intensity of predation and competition by the exotic predator compared to the native predator. The light color
indicates low predation and competition. The medium color suggests lower predation and high competition (or
vice versa). The dark color suggests high predation and competition.
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the native predator declines to extinction. Coexistence of the exotic predator and native prey is possible, thus
Exz is asymptotically stable (Fig. 5a). In scenario III the exotic population grows and the native prey declines
to extinction. Consequently, the native predator also declines to extinction as well, that is, E7 is asymptotically
stable (Fig. 5b). In scenario IV the exotic population grows and the system reaches a new equilibrium in which
the three species show positive densities, that is, E, is asymptotically stable (Fig. 5¢). Thus, II and III correspond
to scenarios of invasion success, as they involve the extinction of one and both native species, respectively. In
turn, IV could correspond to a successful invasion scenario, as long as the native population is reduced by the
presence of the exotic predator.

These regions are subject to change as b (competition coeflicient) and d (predation rate) change. If the param-
eter b increases, region I'V disappears, meaning that scenario IV becomes impossible. Scenario I is possible in the
whole (¢, B)-plane when b > 0.01 (see Fig. 3a—c). This outcome is a consequence of the stability condition of Exy
given by —br(pdK — q)/{d*Kp} + s < 0, which depends inversely on b. This means that the exotic population
cannot establish if its intrinsic growth rate s is less than its mortality rate due to interspecific competition by,
where y; = r(pdK — q)/d*Kp represents the abundance reached by the native competitor.

To explore invasion success scenarios, we choose an appropriate value of b that includes region IV.
As the parameter d increases, regions IV and II decrease and region III increases (see Fig. 4a—c). Note that
region I does not appear as d increases. This result is a consequence of the stability condition of Exy given by
—br(pdK — q)/{d*Kp} + s < 0, which remains as d increases. Regions I and III are separated by & = r/cd, indi-
cated by the vertical line in Figs. 3 and 4. This line represents the threshold predation rate required to maintain
the prey population in its presence. This threshold decreases as d increases, as shown in Fig. 4a-c.

Propagule size dependence

There are regions in the (¢, 8)-plane where the equilibrium points Exy and Exz (or Ez) are stable at the same time.
This suggests that the resulting scenario depends on the initial condition (Xo, Yo, Zo). Since the exotic predator
enters at the native system in equilibrium, the initial population of native prey and predator are given by X, and
Y;, respectively. Therefore, the invasion success depends on the propagule size Zp, which refers to the initially
introduced exotic population. Figure 6 shows that for values of Zj over or above the grey plane, a successful
invasion scenario is obtained. Specifically, in panels (a) and (b) the equilibrium Ex is stable, corresponding to
scenario II, and in panels (c) and (d) the equilibrium E is stable, corresponding to scenario III. In addition,
the grey plane moves vertically depending on the values of « and B. For instance, in panel (a) the grey plane is
lower compared to the grey plane in panel (b). Defining Z* as the minimum propagule size necessary for the
establishment of the exotic predator, Fig. 7 shows how Z* change in the («, 8)-plane.

Persistence of the two native species in the presence of the exotic predator

The positive equilibrium point Es = (X;, Ys, Z;) represents the coexistence of the native species with the exotic
predator. This equilibrium is obtained by setting the model equations to zero and solving for the variables (see
Positive equilibrium point in Supplementary Material for more details). In this way, the coordinates Y, and Z,
depend on X;, where X; is a root of the polynomial function

P() = Ao+ A10 + A20%, 0<6 <K,

with Ag = beK (adq + Bbr) — dKs(Bbc + q), A1 = a?bd*>Knq + abdK (Bbnr — d(Bns + cp)) — Bb*cr + d*Kps
and A; = —abnd(ad*Kp + Bbr) < 0. The number of roots of the polynomial depends on the signs of its
coeflicients and discriminant. Also, X; must satisfy 0 < X; < K to be the first coordinate of an equilibrium
point. Due to, the parabola P(f) is concave downward, then P(K) < 0 is obtained, which is equivalent to
Ay = ab(c + adKn)(q — dKp) — (Bb(c + adKn) — dKp + q)s < 0. Therefore, we state the following proposition.

) Scenario Il b) Scenario lll 9 Scenario IV
25 25 25
Native prey Native prey Native prey
Native predator Native predator Native predator
20 Exotic predator 20 Exotic predator 20 Exotic predator
> 15 > 15 > 15
2 2 2
[ [ [
O 10 2 10 Q10
5 5 5
0 0 0
50 100 150 0 50 100 150 0 50 100 150
Time Time Time
Figure 5. Different establishment scenarios for the exotic predator. From left to right values of « and 8 in
region II, [IT and IV. Fixedr = 1.2,s = 0.2, K = 100,c = 10,n = 2, p = 0.05,q = 0.05,b = 0.01andd = 0.1.
In all panels, the initial conditions for native prey, native predator and exotic predator populations are Xy = 15,
Yo = 10and Z; = 2, respectively.
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Figure 6. Phase portraits of model (2). In panels (a) and (b) the blue trajectories converge to the equilibrium
point Exz, while panels (c) and (d) converge to the equilibrium point Ez. In panels (a-d) the black trajectories
converge to the equilibrium point Exy. The initial conditions of the trajectories are the form of (X, Y, Z),
where X, and Y; represent the population densities when the native system is at equilibrium. The success of
the invasion depends on the initial propagule size Zy. If Zy > Z*, the exotic predator becomes established.
Conversely, if Zy < Z*, the exotic population cannot grow. Fixedr = 1.2,s = 0.2K = 100,¢ = 10,n = 2,

p =0.05,g =0.05,b =0.04,d = 0.1 and in panel (a) « = land B = 1, panel (b) « = 0.6 and 8 = 0.5, panel
() =1.2and B = 0.5, panel (d) « = 1.2 and 8 = 1.5. In all panels, under the mentioned parameter values,
the initial conditions for the native prey and predator populations are X; = 10 and Y = 10.8, respectively.
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Figure 7. Values of the minimum propagule size, denoted as Z*, required for the establishment of the exotic
predator are presented on a grayscale in the parameter space («, 8). For values of @ and 8 within the black
region, Z* = 0, indicating that the exotic predator does not establish itself. Fixed r = 1.2,s = 0.2 K = 100,
c=10,n=2,p =0.05¢ = 0.05b = 0.04 and d = 0.1. For the mentioned parameter values, the initial

conditions for the native prey and predator populations are X; = 10 and Y; = 10.8, respectively.
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Proposition 2 The system (2) can have:

(i) None positive equilibrium point zfA% —4A0Az < 0or Ay > 0and A4 > 0 (see Fig. 8a).
(i) One positive equilibrium point if Ag > 0 and A4 <0 or Ag =0 and —A; < KA, or Ay <0,
A% —4ApA2 > 0, A; > 0and A4 > 0 (see Fig. 8b).
(iii) Two positive equilibrium point if Ay < 0, A% —4A0Az > 0, A; > 0and A4 < 0 (see Fig. 8c¢).

Proof Proposition 2 Considering the signs of A1, A5, A3, and A4 it obtains conditions for i), ii) and iii).

The equilibrium E; must be stable to ensure the coexistence of native species with the exotic predator over
time. A necessary, but not sufficient, stability condition is P'(X;) < 0. It follows from Proposition 2, that if there
are two positive equilibria, only one is significant. The equilibrium with the smaller value is discarded due to its
instability with respect to the X; component, while the equilibrium with the greater magnitude could potentially
lead to asymptotic local stability. Additional stability conditions are given in the following proposition (the proof
of Proposition 3 is in Supplementary Material):

Proposition 3 The positive equilibrium point E; = (X, Y, Zj) is locally asymptotically stable if P < 0 and P, > 0,
where Py and P, are parameters expression defined latter in Supplementary Material.

Effects on native population densities
As mentioned above, scenario IV shows the persistence of both native species in the presence of the exotic
predator. Although the native populations are maintained over time in the presence of the exotic species, their
population size may either increase, decrease or remain unchanged. It is therefore, necessary to evaluate the
impact of the exotic predator on the density of the native populations. To accomplish this, a measure is intro-
duced that facilitates the comparison of the population size of native prey and native predators in the presence
and absence of the exotic predator.

Let X and x be the size of the native prey population when the exotic predator is present and absent, respec-
tively. Similarly, let Y and y be the size of the native predator population when the exotic predator is present and
absent, respectively. Following the idea of trophic cascade intensity implemented in*’, it is defined as:

X Y
Ri=— and Ry = —.
x Y

The values of R; and R; allow us to evaluate the impact of the presence of exotic predator on native population
densities. If R, is less than one, it indicates a decrease in the population of native prey, and if R, is less than one,
it implies a decrease in the population of native predators. Conversely, if R; is greater than one, it indicates an
increase in the population of native prey, and if R; is greater than one, it implies an increase in the population of
native predators. The impact on native population densities will depend on predation pressure and the competi-
tion intensity of the exotic predator.

The variability of R and R; in the («, 8)-plane is illustrated to determine how the interplay between predation
and competition imposed by the exotic predator affects the native population densities. The numerical simula-
tions consider parameter values derived from bibliographic sources, corresponding to a particular example, the
American mink (Mustela vison, see Table 4). This exotic species has been introduced into Europe and South
America, where it is responsible for declines in native preys including birds®® and mammals®. This invasive
species has also had serious negative impacts on native competitors such as Lutra lutra and Lontra provocax in
Europe and South America, respectively**’.
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Figure 8. Different plots of the parabola P(6). In panel (a) there is no positive equilibrium point. In panel
(b) there is one positive equilibrium point. In panel (c) there are two positive equilibrium points. The positive
equilibrium of interest is one of greater magnitude because it satisfies the condition P’ (X;) < 0.
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Param. | Ecological meaning Values Unit Ref.
r Intrinsic growth rate of the native prey 12 year™! 5

s Intrinsic growth rate of the exotic predator 0.2 year™! 5
K Carrying capacity of native prey [100,200] indiv.

d Consuming rate per capita of the native predator [0.1,0.3] indiv."year=1 | ¥

n Enlarger of carrying capacity 3 indiv. - year 5

c Carrying capacity minimum of exotic predator guaranteed by the alternative food | 0.05 indiv. 5

b Competition coefficient [0.001,0.01] | indiv."'year=1 |3
P Conversion coefficient: food intake to new native predator [0.025,0.05] | unitless 7

q Mortality rate of the native predator [0.05,0.1] year™! 60
o Constant of proportionality between predation rates variable unitless

B Constant of proportionality between competition coefficients variable unitless

Table 4. Parameters values to the simulation of the model (2) based on America vison (Mustela vison) life
history.

\lg‘x

Tex
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2
« «

Figure 9. Values of R; and R, presented to color scale for the combination of parameters « and S. The dotted
line represents Ry = 1and the white vertical and horizontal lines indicate « = 1and 8 = 1, respectively.

In panel (a) s = 0.2, in panel (b) s = 0.4, in panel (c) s = 0.8 and fixedr = 1.2, K = 100, ¢ = 0.05,n = 3,

p =0.05,9 =0.05,d = 0.1and b = 0.01. The initial conditions for native prey, native predator and exotic
predator populations are Xy = 15,Yy = 10and Zy = 2, respectively.

Figure 9 illustrates the variability of Ry and R, within the («, B)-plane, represented by a color scale. Consider-
ing the presence of the exotic predator, this variability is presented for different values of its intrinsic growth rate,
denoted as s = 0.2, s = 0.4, and s = 0.8. Notably, as the value of s increases, the red region expands, indicating
the enlargement of the domain where the size of the native prey population increases is increased in the pres-
ence of the exotic predator. In the top panels, the dotted line represents R; = 1, meaning that for («, B) values
on the left side of this line, R; > 1, while on the right side, R; < 1. In the lower panels, R, < 1across the entire
(o, B)-plane. The vertical white line indicates when o = 1, and the horizontal white line indicates when 8 = 1.
These lines establish a relationship between the values of R; and R, with the predation pressure and competition
intensity imposed by the exotic predator. Specifically, in scenarios where « < 1and B > 1, the prey population
size increases in the presence of the exotic predator. This implies that the exotic predator consumes less prey
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Interactions diagram

Consequences on the native populations
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The prey population grows moderately, while the native predator population declines but not becomes extinct
(Fig. 10, blue line).
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The prey population grows substantially, depending on the interplay between competition and predation. The
native predator population either declines or even becomes extinct. As the competitive abilities of the exotic preda-
tor increase, its predation rate must decrease to ensure the survival of the native predator (Fig. 10, green line).

Z
) o 1%
ad b /// The prey population grows moderately, while the native predator population either declines or becomes extinct
,///,sib when the predation rate of the exotic predator increases (Fig. 10, greenish-blue line).
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The prey population grows moderately, while the native predator population becomes extinct (Fig. 10, yellow line).
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The prey population decreases and the native predator population becomes extinct, regardless of the competitive
abilities of the exotic predator (Fig. 10, magenta line).

XL»Y

4
ad b//l/
Vs // Bb

Z

The native prey and predator population become extinct, regardless of the competitive abilities of the exotic preda-
tor (Fig. 10, red line).

Table 5. Different situations of predation and competition between exotic and native predators, and their
impact on native populations. Solid arrows represent the strength of predation, indicating the flow of energy
from native prey to predators. Dashed arrows represent competition between predators. The thickness of the
arrows corresponds to the intensity of the interaction.

and exhibits strong competition relative to the native predator. Table 5 is constructed to illustrate the impacts
on native populations resulting from predation and competition by the exotic predator.

Discussion
This research focused on the construction and study of a mathematical model to determine the effects of pre-
dation and competition on invasion success in a native predator-prey system. The exotic species is a generalist
predator that consumes the native prey and competes with the native predator. In order to make a comparison
between native and exotic predator, predation rates and competition coeflicients of both predators were assumed
to be proportional. A direct qualitative analysis of the model was conducted to explicitly maintain the parameter
d. Both interactions and the interplay between them were shown to play a key role in the success of the invasion.
The model describes four possible scenarios: I the exotic population is unable to thrive, II the exotic popula-
tion grows, leading to the decline and possible extinction of the native predator, III the exotic population grows
and the native prey declines to extinction. Consequently, the native predator also declines to extinction, and IV
the exotic population increases, leading the system to reach a new equilibrium with all three species. The condi-
tions that determine the occurrence of each scenario were established by considering the predation pressure and
the intensity of competition imposed by the exotic predator.
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Figure 10. The variation in the native population with and without the presence of the exotic predator. The
dotted line represents the native population when the exotic predator is absent, while the colored lines represent
the native population when the exotic predator is present. Blue line = 0.6 and 8 = 0.5, green line = 0.7 and
B = 2, greenish-blue linea = 1.2and B = 0.5, yellow lineo = 1.5and 8 = 2, magentalineo = 4and g =2
and red line« = 8and B = 2, and fixeds = 0.2, = 1.2, K = 100, ¢ = 0.05,n = 3, p = 0.05,9 = 0.05,d = 0.1
and b = 0.01. The initial conditions for native prey, native predator and exotic predator populations are Xy = 15,
Yo = 10 and Z; = 2, respectively.

Scenarios II and III correspond to invasion success scenarios because one or both native species become
extinct in the presence of the exotic predator. Scenario I'V can also represent an invasion success scenario despite
the persistence of both native species®>®!. To assess the impact of the exotic predator on the native population
density a measure inspired by the trophic cascade effect was defined to determine whether the native population
increases or declines in its presence”. The native prey population might increase or decrease while the native
predator population decreases or disappears in the presence of the exotic predator. This is consistent with the
fact that the presence of exotic species may benefit some natives but disadvantage others®.

In the proposed model, the population of native predators decreases in the presence of the exotic predator.
This outcome may arise from the tendency of generalist exotic predators to deplete resources to levels lower than
those reached by native predators. This situation can lead to increased competition for resources, and in some
cases, competitive exclusion of native predators®®*. For example, the invasion of mink has led to a decline in
native polecat numbers® and rainbow and brown trout have led to the displacement of native charr species®.
However, if the predation rate of the native predator significantly exceeds that of the exotic predator, the native
predator may experience population a modest decline, even if it is a weaker competitor.

When the predation rates of both predators are equal, the native predator must have a similar or higher level
of competitiveness than the exotic predator to maintain its population. This supports the idea that competitive
superiority can influence the success of a biological invasion””. However, if the predation rate of the exotic preda-
tor exceeds that of the native predator, the native predator may experience population decline or extinction, even
though it has superior competitive abilities relative to the exotic predator®®. Indeed, when the native prey lacks
effective anti-predator mechanisms against the exotic predator, it results in a higher exotic predation rate relative
to the native predation rate*>7°. Consequently, there is a significant chance of successful invasion.

The native prey population could increase, decrease, or become extinct, depending on a threshold for the
exotic predator predation rate®!. This threshold is defined as the ratio between the intrinsic growth of the prey r
and the minimum carrying capacity of the exotic predator guaranteed by the alternative food c. Moreover, the
threshold decreases as the predation rate of the native predator d increases. If the predation rate of the exotic
predator is above this threshold, then the native system is completely extinct, even if the exotic predator is a weak
competitor, with respect to the native predator extinct’!. Conversely, when the exotic predator predation rate is
below this threshold then the prey population could experience modest or substantial growth, and the native
predator population could either decline or even become extinct.
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The presence of the exotic predator could benefit the prey population’®. The growth potential of the native
prey is determined by the interplay between predation and competition. Specifically, if the exotic predator has
lower prey consumption and outperforms the native predator in competitive interactions’*. Reduced predation
pressure from the exotic predator may result in higher survival rates and increased reproduction among the native
prey, which leads to population growth’’. The exotic predator may also exert stronger competitive intensity on
the native predator, reducing its population size. This reduction in the abundance of the native predator could
create more favorable conditions for the native prey to increase its population size’®. Therefore, considering
these circumstances, the maximum growth of the prey population increases as the intrinsic growth rate of the
exotic predator increases.

The establishment of the exotic species depends on the initial propagule size®’®, which, in turn, is influenced
by biotic resistance??2. From the results, if the exotic predator exerts high predation pressure and intense com-
petition on the native system, then the required initial propagule size for its establishment is smaller than if the
predation pressure and competition intensity of the exotic predator were low. Indeed, as the size of the exotic
predator’s propagule increases, its predation capacity may intensify, leading to greater competition with native
predators for limited resources. This competition could exert additional pressure on native predator populations,
subsequently affecting the native prey'?.

The results of this study confirm the fact that invasive species have a negative impact on native species
There is a high probability of successful invasion by a generalist exotic predator that both preys on and competes
with the native prey and predator, respectively****””. Although the native prey may benefit from the presence
of the exotic when the predation rate of the exotic predator is below the threshold, the negative impact on the
native predator is inevitable. Specifically, the American mink (Mustela vison) represents a significant threat to
native species due to its higher predation rate compared to native predators, which may lead to the extinction
of native prey and consequently negative impact on native predators®**’.

The mathematical model studied considers a Holling Type-I functional response, which is sufficient to address
our research question. However, the choice of the functional response may vary depending on consumption
patterns in prey-native predator, prey-exotic predator interactions, and even by interaction native predator-
exotic predators’®-%. The choice of a specific functional response would contribute to a more realistic system
description®*®!. In the context of biological invasion, a Holling Type-II functional response is observed in native
and exotic predators, involving a handling time measure®*82-8, Alternative functional response types exist for
exotic predators, aiming to describe better certain behaviors and their effects on prey populations, including prey
handling interference®¥. Our strategic model provides a simplified foundation for future research to explore
the impact and potential of functional responses on the success of biological invasions.

Finally, the study of mathematical models that allow the study of the effect of the interplay between interspe-
cific interactions on the success of an invasion is an optimal strategy to gain a broader understanding of biologi-
cal invasions. Given that mathematical models prove to be effective tools for studying biological invasions, it is
possible to consider the formulation of new models that can incorporate other important components of the
biological invasion process, such as the spread stage or phenotypic changes.

3,4,6

Data availability
All data generated or analysed during this study are included in this published article and its supplementary
information files.
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