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Asstract. The arrival of invasive species in native communities impacts the structure and functioning of
ecosystems, and is considered a critical indicator of loss of biodiversity. Exploring the effects of new species in
communities presents challenges addressable through theoretical ecology. Species body size not only shapes
trophic relationships, but may also impact predator success and facilitate species coexistence. However, little
attention has been paid to the effects of differences in species body size on interactions between native and
invasive primary consumers, which could be relevant to their coexistence with higher-level predators. Our
aim is to investigate demographic patterns using a dynamic, mechanistic model of two age-structured primary
consumers (one invasive and one native) sharing a plant resource and preyed upon by a common predator. In our
model, we highlight three crucial phenomena: the structuring of primary consumers into adults and juveniles,
reproduction occurring in discrete pulses, and the seasonal addition of new individuals to the population. Hence,
the success of one species over the other relies on its reproductive capacity to incorporate individuals in each
reproductive cycle. Our simulations reveal that abundance patterns are influenced by body size, suggesting
that changes in predator body size could serve as key indicators of shifts in community structure.
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ResuMEN. La masa corporal modula los patrones demograficos de depredadores superiores y sus presas
nativas e invasoras: Un enfoque biomatematico. La llegada de especies invasoras a comunidades nativas
impacta en la estructura y el funcionamiento de los ecosistemas, y se la considera un indicador crucial de la
pérdida de biodiversidad. Explorar los efectos de nuevas especies en comunidades plantea desafios que se
pueden abordar desde la ecologia tedrica. Ademas de estructurar las relaciones tréficas, el tamafio corporal de
las especies puede influir en el éxito de los depredadores e, incluso, favorecer la coexistencia entre especies.
Sin embargo, se le ha prestado poca atencion a los efectos de las diferencias en el tamafio corporal de las
especies en las interacciones entre consumidores primarios nativos e invasores. Esto puede ser relevante para
su coexistencia con los depredadores de nivel superior. Nuestro objetivo es estudiar patrones demograficos
mediante un modelo dinamico y mecanicista de dos consumidores primarios estructurados por edad (uno
invasor y otro nativo) que comparten un recurso vegetal y son presa de un depredador comun. En nuestro
modelo destacamos tres fenémenos cruciales: la estructuracion de los consumidores primarios en adultos y
juveniles, la reproduccién en pulsos discretos y la incorporacion estacional de nuevos individuos a la poblacion.
De esta manera, el éxito de una especie sobre la otra radica en su capacidad reproductiva para incorporar
individuos en cada ciclo reproductivo. Nuestras simulaciones revelan que los patrones de abundancia se ven
influenciados por el tamafio corporal, lo que sugiere que cambios en el tamafio corporal de los depredadores
podrian ser indicadores claves de cambios en la estructura comunitaria.

[Palabras clave: invasion bioldgica, modelo impulsivo, cadena trofica, depredacion, tamafio corporal]

INTRODUCTION

Body size influences community structure
through its impact on species interactions
(Schmidt-Nielsen and Knut 1984; Yodzis
and Innes 1992; Marquet et al. 2002; Weitz
and Levin 2006; Séguin et al. 2014; Cruz and
Pires 2022). These demographic changes are
also a consequence of the introduction of new
species, such as the case of beavers (Castor
canadensis) in Tierra del Fuego (Anderson
et al. 2009), or the local extinction followed
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by the reintroduction of wolves (Canis lupus)
in Yellowstone National Park, USA (Ripple
and Larsen 2000; Ripple et al. 2001; Ripple
and Beschta 2003). Model-focused research
analyzing how population traits (body size)
influence community composition often
overlooks the age structure of invasive and
native species, as well as the variation in
predator body size, which impacts their
respective abundances (Green et al. 2022;
Ortiz et al. 2023).
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Species capable of breaking natural
biogeographic barriers, whether by intentional
or unvoluntary human intervention, are
termed exotic species (Essl et al. 2018). Upon
establishing themselves within specific
habitats and exhibiting regular reproductive
patterns, certain of these species thrive in their
new ecological niches. Instances where these
exotic species produce substantial adverse
impacts on the environment, economy or
public health in introduced areas warrant
their designation as invasive species (IUCN
2000; Pysek et al. 2020). Invasive species,
due to variations in their life histories,
could have a competitive advantage over
their native counterparts (Pyke et al. 2008).
Consequently, the prevailing expectation is
that extinctions will predominantly affect
larger-bodied species, potentially decreasing
population densities across higher trophic
levels. Subsequently, this could precipitate
augmented populations of intermediate
prey, prompting the overexploitation of
food sources such as plants or shrubs and
consequent alterations in the local vegetation
structure (Ripple et al. 2014; Monk et al.
2022; Shedden-Gonzalez et al. 2023). This
phenomenon, known as a trophic cascade
(Ripple and Beschta 2004; Ritchie et al. 2012),
exercises a top-down regulatory influence on
the ecosystem. For example, Pumas (Puma
concolor), commonly referred to as mountain
lions, rank among the focal feline species in
conservation efforts (Dickman et al. 2015).
However, a comprehensive understanding
of the interactions between pumas (Apex
predator), native and invasive herbivores
(primary consumers) and vegetation (resource)
remains elusive regarding their implications
for ecosystem functionality (Wilmers et al.
2013).

The extinction of native mammalian
predators yields significant effects, notably
increasing mesopredator abundance by
up to fourfold (Ritchie and Johnson 2009;
Gigliotti et al. 2023). At the ecosystem level,
the introduction of exotic mammals impacts
food web functionality, triggering cascading
effects on carnivore, herbivore, and resource
abundance (Beschta and Ripple 2009; Ripple
and Beschta 2012). Exotic mesopredators
can function as seed dispersers, potentially
altering long-term population abundance
(Hasting et al. 2007, Anderson et al. 2009;
Davis et al. 2010; Hatton et al. 2019).
Conversely, increased predation pressure
exerted by a generalist predator following
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the introduction of an invasive alternative
prey could incite apparent competition
between native and exotic prey (Courchamp
et al. 2000; Roemer et al. 2001; Ringler et al.
2015). Invasive species establish novel trophic
relationships for native carnivores, potentially
achieving positive effects by providing
additional food sources, as documented in
neotropical carnivore diets (Buenavista and
Palomares 2018; Osorio et al. 2020). Despite
the complexity of these interactions and the
limited available data on population densities,
the cyclic dynamics between hares and one
of their primary predators, the Canada lynx
(Lynx canadensis), have been identified in the
Kluane region, southwestern Yukon, Canada
(Gobbin et al. 2022). These dynamics can be
modeled using mathematical tools inspired
by real case studies.

An illustrative case study is found in a
natural experiment conducted in Australia,
suggesting that the introduction of a superior
predator, the Tasmanian devil (Sarcophilus
harrisii), constrains the abundance of wildcats
(Felis catus) by increasing consumer predation
rates (Cunningham et al. 2019, 2020). Another
case study, involving the introduction of
exotic mammals to South Pacific islands,
offers valuable information on the impacts of
introduced predators on natural ecosystems:
the coati (Nasua nasua) was introduced to the
Juan Fernandez Islands (33°38"29" S - 78°5028"
W, southern Pacific Ocean) to control a rodent
plague but ended up preying on native bird
eggs (Colwell 1989). Additionally, Osorio et al.
(2020) reported on exotic prey facilitating the
coexistence between pumas and culpeo foxes
in the central Chilean Andes. In this instance,
predation may foster the coexistence of native
and exotic herbivores, potentially subsidizing
native carnivore populations such as pumas.

However, empirical methods seldom manage
to capture the temporal aspect of interactions
adequately and assess the effects of body size
on demographic patterns and coexistence
dynamics (Campillay et al. 2021, 2022).
Consequently, both resource productivity
and dietary changes, thus body size, influence
demographic patterns (van de Wolfshaar et
al. 2006; Rogers et al. 2018). Recent theoretical
studies (Damuth 1993; Marquet 2002; Weitz
and Levin 2006; Delong 2012; Delong et al.
2014; Cruz and Pires 2022) have addressed
the role of species body size in community
dynamics. However, the relationship between
body mass and community structure remains
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incompletely explored, necessitating a more
comprehensive theoretical understanding of
the demographic implications of body size
and its impact on trophic networks involving
invasive species (e.g., exotic prey and native
wild carnivores, Osorio et al. 2020) to examine
ecological community structure.

Our main goal encompasses two essential
aspects: firstly, to investigate the implications
of changes in the body size of apex predators
on community structure; secondly, to explore
long-term coexistence patterns between native
and invasive prey species through simulations
of realistic scenarios akin to those documented
by Osorio et al. (2021). Additionally, through
simulations within dynamic systems, we
demonstrate how modeling age structure
provides a foundation for understanding the
long-term demographic patterns observed in
natural environments (Gobin et al. 2022). In a
broader context, this theoretical research holds
the potential to integrate academic disciplines
inboth basic and applied sciences, significantly
contributing to the comprehension of invasion
biology (Lebreton et al. 1992; Ballari et al.
2016).

MATERIALS AND METHODS

We assessed the body size effects on
demographic patterns, incorporating the body
mass variable when modeling the parameters
that affect interspecific interactions. We
considered a three-level trophic web including:
1) anative predator species (FFigure 1), and its
body mass (in kg, mz); 2) two age-structured
populations of invasive (A, Figure 2) and
native (C, Figure 3) primary consumers, and
3) the producers (R) consumed by both native
and exotic herbivorous species. Native adults
are denoted by C,, with body size (kg) Mc,;
and juveniles by C; with body size (kg) mc;.
Adult invaders are denoted by 4. , with body
size Ma,(kg); and juveniles, by 4;, with body
size (kg) m,;. The definition and description of
the variables and parameters are summarized
in Table 1. The conceptual model is presented
in Figure 4 and is based on an ecological
community studied in central-southern Chile
by (Osorio et al. 2021). The production rates,
predation rates, conversion coefficients and
all traits present in the model parameters
depend on body size and are based on general
principles as proposed by metabolic theory
(Marquet 2022; Delong 2014).

Model formulation

Here, we use a dynamic model describing
a three-level trophic chain of native species,
to which we couple an equation in the
second trophic level (primary consumers)
representing invasive species structured
in juveniles and adults. Additionally, we
modeled the seasonal births through a
succession of discrete times, which generates
a discontinuity in the abundance curves,
differentiating the demographic patterns
of each species. This system of differential
equations is known as an impulsive system
and provides a theoretical framework that
captures this phenomenon (Samoilenko and
Perestyuk 1995; Gonzalez and Pinto 1996; Hakl
etal. 2017; Pinto et al. 2018; Castillo et al. 2019;
Lu et al. 2022). The following set of ordinary
differential equations (ODEs) describes the
interactions and dynamics except in the time
succession {tg ¢y .. by, Tepresenting the
seasonal births occurring in regular pulses,
as presented by Gobin et al. (2022):

{EP,1J.¢[P.-L,-]-’4; + EP,1E¢[PAE:AE]P —dEP

B= {gpr_-!.ﬁf’[?c,-] Cit+ en. Plrc,] CQJP +

Equation 1
Ci=—\diey1—vie +P)C:
| ( [C.l] Yiel + ) J, Equation 2
Ca=via G — (i1 + WPCEZP}CE, Equation 3
Al =—\d)—r +P) A ;
J ( [ — Y + :] ) Equation 4
4 =vi04; — (di,) + ¢ag P4, Equation 5

R

k) — (ﬁf’[cl,-}:]f_l-+ qb[cﬂ}ifﬂ)ﬂ =2

('P[AJ-]AJ-' + '?‘MEPCAE)R Equation 6

The abundance curves of the mesopredator
(4.€) are modified at the instants {to- s sty
and we represent them as follows:

R =rR(1-

AP(t.) = 6 Equation 7
ACi(g) =0, Equation 8
AC (5) = b (6" IR(Ex) Equation 9
AAi(g) = U', Equation 10
A4, (8) = cAi(t: 7 IR(E, ), Equation 11
AR(;) = 40 Equation 12

where, the variation discrete is defined
AN(t) = Nig) — N(t7) with ¥ € {P.C.A.R}. Products
bCi(tTIR(E), and e4i(& )R (), represent the
intake of resource B by primary consumers
with intensity & and ¢. In this way, we replace
the continuous reproduction of the model
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with discrete pulses of birth. Thus, the model
we present is recognized as an impulsive
system of differential equations that describes
natural and artificial environments. In this
investigation we provide simulations of the
model. From a mathematical perspective,
the presence of impulsiveness gives a mixed
character to the system, both continuous and
discrete, generating a conceptual and technical
richness that its presentation exceeds the scope
of the analysis. purpose of our research. We
assume that the basal resource has logistic
growth with growth rate r and carrying
capacity K in the absence of predators,
while predation rates per unit resource are
represented by #lij] for native consumers,
invasive consumers, and predation, where
ij corresponds to the notation presented in
equations (1)-(6). The conversion efficiency
and mortality rate for species are denoted by
g and d; (withi e {C.A.P}), respectively. The
codes utilized in this research can be found
in the Supplementary Material.

Body size dependence of parameters

The growth rate r is proportional to mgz™,

where the allometric exponent a@ is a number
between 2/3 and 1 (Brown et al. 1995; Savage
et al. 2004; Hatton et al. 2019). Meanwhile,
the maximum number of individuals that
the base resource population, K,can support
is proportional to mz® (Damuth 1993). The
conversion efficiency &;, with ie{C, 4}, is
proportional to the ratio of the mass mz/m;.
Thatis, if the consumed speciesislarger than its
predator, the conversion efficiency increases.
The mortality rate, d;, with ie{C.A.P}, is
proportional tomf~* (Brown et al. 1995; savage
etal. 2004). Through theoretical and empirical
investigations, these allometric relationships
have been corroborated for many species
(Hatton et al. 2019). On the other hand, the
predation rate, ¢[ijl, of a species i € {C. 4. P} per
unit prey of species j & {R.C, 4. P} is the product
between the probability of successfully killing
a prey given a mass ratio

= Q( ) and the interaction rate per unit
dens1ty of the predator: I(m;, m;) (Weitz and
Levin 2006). In mathematical terms, this is
expressed as follows.

P = fin@ (Wl:)f{ml mj-},f(l +j/Hy(m;, m;))
Equation 13 ’

=1

} hgm'

H - e
where ™) = e
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To carry out the simulations and the analytlcal
study, we considered

m, 2

o(z)-1-+%)
p

where represents the intensity of predation,
and the parameters f [if] is positive theoretical
constants. The predation rate model described
above was proposed by Weitz and Levin (2006).
Our biomathematical modeling approach has
been used to unify metabolic scaling theory,
demographic theory, and coexistence theory
to model the demographic patterns of species
(Campillay et al. 2021, 2022).

Impulses effect on species abundances

In our model, aN{#,) = N(t,) — N(tz), with
N e {P.C A.R}, indicates a discrete derivative
at time instant {t; }. This type of model is very
useful for incorporating discrete events that
don’t fully fit in continuous systems. Here,
we model the fact that the top predators
can persist even when species 4 and €
become extinct. The puma, for example, is an
opportunistic predator that can search for food
resources elsewhere and, therefore, manages
to keep its abundance, so AC(t,) =B = 0.
Likewise, the dynamics of the basal resource
(i.e., plants) is influenced by climatic factors,
and at certain times, its abundance increases,
which is represented by AR(t.) = 40. Note
that, for the abundances of juveniles in each
primary consumer species, they do not show
discrete changes in their abundances, since
they cannot increase their abundances due to
their biological state: AC;{t;) =0 y 44;(5) =0

. Finally, to couple predator births to the
system, we consider that AP (£} =6.

The impulse equations we propose allow
us to represent the success of an invasive
species compared to the native species.
Here, we have considered three scenarios
to model and visualize the abundances of
the parameters species, which depend on
the b and ¢ incorporated in the impulse
instants in species 4, and ;. The invasion
conditions are as follows: 1) b= land c <1
: the native species has an advantage over
the invasive species because the increase in
abundances of the invasive species is less
than the native species at the instant of time
£, and 2) b = land ¢ = 1: indicates that the
product between the abundance of the base
resource and the abundance of adult primary
consumers increases by a factor greater than
1 at the instant of time t.
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Figura 1. Fotos de Puma en la regién del Maule.
Fotografias: Christian Osorio and Tomas Urrutia.

Figure 1. Photos of Puma in the Maule region.
Photographs: Christian Osorio and Tomas Urrutia.

RS A 5
Figura 2. Fotos de lagomorfos liebre (Lepus europaeus)
y conejo (Oryctolagus cuniculus) en la region del Maule.
Fotografias: Christian Osorio.

Figure 2. Photos of hare (Lepus europaeus) and rabbit
(Oryctolagus cuniculus) lagomorphs in the Maule region.
Photographs: Christian Osorio.

We have implemented the system of
equations in Matlab (2023), applied ODE45
and incorporated the impulsive effect. We
used the parameter values shown in Table 2.
The body sizes for native species are: juveniles
mg; = 1 kg and adults m¢, = 2.5. For invasive
species, we consider: for juveniles m,, = 0.8
kg and for adults ms, = 1.5 kg. For the base

Figura 3. Fotos de vizcacha (nativa) en la regién del Maule.
Fotografia: Carlos Castro-Pastenes.

Figure 3. Photos of vizcacha (native) in the Maule region.
Photography: Carlos Castro-Pastenes.

resource, we consider between 0.04 kg and 15
kg. Finally, due to the great variability of the
body masses of the puma throughout its range
of distribution, the simulated values between
50 kg or 100 kg (Grigione et al. 2002; Jansen
et al. 2011).

REesuLTs

Simulations were conducted using the
model to represent various scenarios aimed at
assessing the demographic patterns of native
and invasive species, alongside the impact of
predator body mass and the availability of
the basal resource. In instances where native
species exhibited an advantage over invasives
(b>1and c<1), a specific dynamic was observed,
as depicted in Figure 5. The native species
persisted among predators with body masses
of 50, 70, and 80 kg, whereas for those with 100
kg, the native species was displaced, leaving
only the invasive species. Conversely, when
the product of the basal resource abundance
and that of adult primary consumers increased
(b>1 and c>1), a distinct pattern emerged,
illustrated in Figure 6. Under these conditions,
only the native species managed to establish
among 50 kg predators, while the invasives
prevailed among body masses of 70, 80, and
100 kg. This illustrates the impact of impulsive
effects on abundance dynamics.

The variation in basal resource availability,
represented by changes in its body mass, was
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Apex predator

Primary consumer Figure 4. Simplified food web presented as

a conceptual scheme for the three-level food
chain apex predator-primary consumers-basal
resource, centered in the central zone of Chile,
reported by Osorio et al. (2020). The native species
(vizcacha) and the invasive one (rabbit) are prey
to the puma.

Figura 4. Red alimentaria simplificada presentada
como un esquema conceptual para la cadena
alimentaria de tres niveles depredador superior-
consumidores primarios-recurso basal, centrado
en la zona central de Chile, reportado por Osorio
et al. (2020). La especie nativa (vizcacha) y la
invasora (conejo) son presa del puma.
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Figure 5. Simulations of the biomathematical model with & = 3.2 y ¢ = 0.7. Body sizes for the native species were:
juveniles m¢; = 1 kg and adults m, = 2.5. For the invasive species, we considered: juveniles m4; = 0.8 kg and for adults
m,_ =15 kg. For the base resource we considered m; = 0.5 kg. The body sizes for the top predator were 50, 70, 80 and

100 kg.

Figura 5. Simulaciones del modelo biomatematico con b = 3.2 y ¢ = 0.7. Los tamafios corporales para las especies nativas
fueron: juveniles m; = 1 kg y adultos ¢, = 2:3. Para las especies invasoras consideramos: juveniles m,; = 0.8 kg y
adultos m,_ = 1.5 kg. Para el recurso base consideramos mz = 0.5 kg. Los tamafios corporales para los depredadores

superiores fueron 50, 70, 80 y 100 kg.

analyzed within the b>1 and c<1 scenario.
Figure 7 revealed that only the invasive species
could establish when the resource availability
was 0.7 kg, contrasting with scenarios where
the native species predominated and became
the sole prey of the superior predator. Finally,
Figure 8 explores the b>1 and c>1 scenario,

with a constant body mass of the superior
predator (100 kg) and temporal variations
in basal resource availability, coexistence
between native and invasive species was
observed as a resource for the superior
predator in the initial 10 seasons, aligning
with prior findings (Osorio et al. 2021).
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Tabla 1. Definicién y descripcion de las variables y parametros incluidos en el modelo.

Table 1. Definition and description of variables and parameters included into model.

Variable Description (name, meaning)
B Abundance of predator
€ and Ca Abundance of juvenile and adult native herbivores
4 and 4a Abundance of juvenile and adult invasive herbivores
R Abundance of base resource
1 Tt 1, population growth rate of base resource
K Egmy, =, Damuth’s rule for base resource
Yu YafMi® with i €4C '4}, maduration rate
Iiiil f"::?:;l ' with = {E-" e Ay A"’P}, mortality rate
£ .--':"... with i€ {f"-" Car Ap '4"}, efficency of conversion
| -:-_In with ' € {f"-" Cas Ap '4"} , efficency of conversion
P fan @ (%} I(mi’ m';:I with © € {6 Car 4 '4"*?}, predation rate

Tabla 2. Parametros utilizados en el modelo dindmico. En este caso se ha considerado: &. 1. dy (Hatton et al. 2019), 5
(Weitz and Levin 2006) , los valores de gy, e5; ¥ f[ij] se proponen en esta investigacion.

Table 2. Parameters used in the dynamic model. In this case it has been considered: . 1. & (Hatton et al. 2019), B
(Weitz and Levin 2006) , the 80+ Bpi and f [i _j] are proposed in this research.

Parameter Values
i 0.75
0.5
‘] 2.7
K, 15.2
doi 074 with© € {CjoCardjs A, P}
Goi 0.2:0.7,0.5:0.4 with I = {PC;.PC,PA;PA,)
Vai 53 with | € {C. 4}
fisj 03,0.1,0.5,0.2:0.4:0.4:0.4:0.4 with J (p R Ea R Bl G C5 R R AaR}
C 0.7 or 2.5
B 32o0r4

However, in the long term, the native species
establishes itself as the predominant one.
These findings underscore the complexity of
species interactions, the critical influence of
predator body mass, and its role in community
dynamics. They emphasize the importance of
considering this pivotal trait in understanding
species co-existence and succession within
ecosystems.

Discussion

We investigated the effects of body size on
the community dynamics of three trophic
levels: top predators, primary consumers,

and the basal resource. Primary consumers
were structured by age, and seasonal births
that modify abundance curves were modeled
for all species.

Previous studies on food chains (Binzer
et al. 2012; Sentis et al. 2017) suggest that
species may face extinction due to climatic
factors. However, there is evidence that
significant changes in body size can occur
before extinction, including the replacement
of the top predator by an exotic predator
(Hasting et al. 2007; Anderson et al. 2009;
Davis et al. 2010). As body size increases,
predator conversion efficiency and predation
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Figure 6. Simulations of the biomathematical model with & = 4 y ¢ = 2.5. Body sizes for the native species were:
juveniles m.. = 1 kg and adults m_ = 2.5. For the invasive species, we considered: juveniles m,; = 0.8 kg and adults

my =15 kgl. For the base resource, we considered mz = 0.3 kg. The body sizes for the top predator were 50, 70, 80
and 100 kg.

Figura 6. Simulaciones del modelo biomatematico con » = 4 y ¢ = 2.5, Los tamarios corporales para las especies nativas
fueron: juveniles m;; = 1 kg y adultos m = 2.5. Para las especies invasoras consideramos: juveniles m,. = 0.6 kg y
adultos Mg, = 1.5 kg. Para el recurso base consideramos m; = 0.5 kg. Los tamafios corporales para los depredadores
superiores fueron 50, 70, 80 y 100 kg.
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Figure 7. Simulations of the biomathematical model with & = 3.2y ¢ = 0.7. Body sizes for the native species were:
juveniles m¢; = 1 kg and adults m, = 2.5. For the invasive species, we considered: juveniles m, = 0.8 kg and adults

kg. For the base resource, we considered m, = 100 kg. The body sizes for the resource were 0.04, 0.5, 0.7
and 15 kg.

Figura 7. Simulaciones del modelo biomatematico con & = 3.2 y ¢ = 0.7. Los tamanos corporales para las especies
nativas fueron: juveniles m¢, = 1kgy adultos m¢ = 2.5. Para las especies invasoras consideramos: juveniles m,; = 0.8

kg y adultos m,_ = 1.5 kg. Para el recurso base consideramos mg =100 kg. Los tamafios corporales para el recurso
fueron 0.04, 0.5, 0.7 y 15 kg.
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Figure 8. Simulations of the biomathematical model with & = 4y ¢ = Z.3. Body sizes for the native species are: juveniles
mg. = 1kgand adults mc, = 2.3. For the invasive species, we consider: for juveniles m,; = 0.8 kg and for adults m,, = 1.5
kg. For the base resource we consider m, = 100 kg. The body sizes for the resource were 0.04, 0.5, 0.7 and 15 kg.

Figura 8. Simulaciones del modelo biomatematico con ¥ = 4y € = 2.3. Los tamarios corporales para las especies nativas
fueron: juveniles m¢; = 1 kg y adultos m, = 2.5. Para las especies invasoras consideramos: juveniles m,; = 0.8 kg y
adultos m,_ = 1.5 kg. Para el recurso base consideramos m, = 100 kg. Los tamafios corporales para el recurso fueron

0.04, 0.5, 0.7 and 15 kg.

rate increase, while the mortality rate between
consumers and predators decreases. Owing to
the age structure, the abundance of primary
consumers is bolstered by the addition
of new adult individuals: coupled with
seasonal births, this resembles the observed
demographic patterns in our simulations. We
also demonstrate that theoretical invasion
conditions represent realistic scenarios for the
central-southern region of Chile (e.g., Osorio
et al. 2020), and variations in body sizes of
top predators lead to a sequence of abundance
pattern configurations (Figures 5 through 8).

Our modeling approach may be relevant for
research endeavors seeking to identify realistic
demographic patterns (Gobin et al. 2022) or
to make general predictions about how the
species community structure evolves in the
long term concerning body size. This becomes
particularly pertinent in human-wildlife
conflict scenarios (Inskip and Zimmermann
2009), where theoretical models offer novel
insights into domestic animal control policies
(Beltrami et al. 2021) and native species
conservation strategies.

Despite the limitations of our model, such
as the lack of representation of competition
among primary consumers and the absence
of spatial variables or random processes that

influence reproduction or mortality rates due
to environmental conditions, the impulsive
effect significantly enhances its realism. This
impulsive feature enables the integration of
life-history traits, such as seasonal births, in
the studied species without compromising
its general applicability. Our simulations
successfully replicated the observed dynamics
innature in the Yukon region, Canada, owing
to the impulsive effect embedded in our model
(Gilg et al. 2003; Peckarsky et al. 2008; Kreps
et al. 2018; Gobin et al. 2022).

The simulations presented in this article,
supported by previously published empirical
data (Osorio et al. 2020; Gobin et al. 2022),
provide a valuable tool for conservation:
impulsive models stand out for their ease of
application, relying on generally available
data and accessible parameters, such as body
weight and reproductive features. These
models allowed us to anticipate the outcome
of species introductions, encompassing
their establishment in the environment, the
potential coexistence with native competitors,
or their invasive potential, which might
lead to the extinction of these competitors.
Moreover, they could provide a framework
for investigating which ranges of body size
could drive the extinction of native predators
in future studies.
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Therefore, impulsive models offer a simple,
yet powerful, and effective conceptual
framework to study and predict the likely
outcomes of invasive species introductions,
providing a crucial tool for wildlife managers
and policy makers in allocating funds or
planning research and management efforts.
Furthermore, theoretical models, such as the
one discussed in this article, can be effectively
integrated with statistical (i.e., empirical)
models and analyses, as demonstrated by
studies like Beltrami et al. (2020) (free-ranging
dogs and native wild carnivores) and Osorio
et al. (2020) (exotic prey and native wild
carnivores), to explore biological invasions.

In conclusion, species interactions,
strongly influenced by body sizes, shape the
demographic patterns within communities
by modulating conversion efficiency,
predation rates, reproduction, and mortality
rates. Therefore, body size emerges as a
crucial phenotypic trait that helps establish
relationships responsible for determining

Ecologia Austral 34:159-170

community structure, even in the context of
incorporating invasive species.
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SUPPLEMENTARY MATERIAL

The codes utilized in this research were crafted using MATLAB 2023. MATLAB, short for
MATrix LABoratory, is a widely employed high-level programming language and interactive
environment specifically designed for numerical computing, algorithm development, and data
analysis.

Part 1: Differential equations

This section defines a system of differential equations modeling a trophic chain of three levels. It
computes the rate of change for each species' population based on interactions and dynamics
within the ecological system.

function ydot = sys5M1(t, x)

%Differential Equations System

global ePCj phiPCj ePCa phiPCa ePAj phiPAj ePAa phiPAa dP dCjGC dAj GA dCadAarR
KR phiCjR phiCaR phiAjR phiAaR eCaR eAaR HOPCj HOPCa HOPAj HOPAa HOGR
HO0CaR HOAjR HOAaR;

ydot(1) = (ePCj * phiPCj * x(2) * x(1)) / (1 + x(2) / HOPC;j) + (ePCa * phiPCa * x(3) * x(1)) / (1 +
x(3) / HOPCa) + (ePAj * phiPAj * x(4) * x(1)) / (1 + x(4) / HOPA)j) + (ePAa * phiPAa * x(5) *
x(1)) / (1 +x(5) / HOPAa) - dP * x(1);

ydot(2) = -(dGj + GC + x(1)) * x(2);

ydot(3) = GC * x(2) - (dCa + (phiPCa * x(1)) / (1 + x(3) / HOPCa)) * x(3) + (eCaR * phiCaR *
x(3) *x(6)) / (1 + x(6) / HOCaR);

ydot(4) = -(dAj + GA + x(1)) * x(4);

ydot(5) = GA * x(4) - (dAa + (phiPAa * x(1)) / (1 + x(5) / HOAaR)) * x(5) + (eAaR * phiAaR *
x(5) * x(6)) / (1 +x(6) / HOAaR);

ydot(6) =rR*x(6) * (1 - x(6) / KR) - ((phiGjR * x(2)) / (1 + x(6) / HOCjR) + (phiCaR * x(3)) / (1
+x(6) / HOCaR)) * x(6) - ((phiAjR * x(4)) / (1 + x(6) / HOAJR) + (phiAaR * x(5)) / (1 + x(6) /
HOAaR)) * x(6);

ydot = [ydot(1); ydot(2); ydot(3); ydot(4); ydot(5); ydot(6)];
end

Part 2: Impulsive effects

Using an impulsive effect approach, this segment computes solutions to the differential
equations with sudden alterations in population dynamics over defined time intervals,
reflecting the response to impulse-induced changes.

function [t, y] = ode15spMI1(ti, tf, y10, y20, y30, y40, y50, y60, b, ¢, pulsestep)

clear y;

clear z;

% The vector y contains the solutions of the formula.
% Vector z stores the components of vector y.

y(L1) =yl10;



y(1,3) =y30;
y(1,4) = y40;
y(1,5) = y50;
y(1,6) = y60;

rep = ceil((tf - ti) / pulsestep);
clear s ytemp;

z = zeros(rep, 6);
z(1,1) = y10;
z(1,2) = y20;
z(1,3) = y30;
z(1,4) = y40;
z(1,5) = y50;
z(1,6) = y60;

% Integrate the system and obtain vector y
fg = @(t, x) sysSM1(t, x);
[s, ytemp] = ode45(fg, [ti, ti + pulsestep], [y10, y20, y30, y40, y50, y60]);
[evalpts, cols] = size(ytemp);
% Store the components of vector Y in a temporary component of Y
for j = l:evalpts
t) = s();
y(j.1) = ytemp(j,1);
y(j,2) = ytemp(j,2);
y(j,3) = ytemp(j,3);
y(j4) = ytemp(j,4);
y(j,5) = ytemp(j,5);
y(j,6) = ytemp(j,6);
end

% Evaluation occurs at successive intervals.
for k = I:rep-1
[sizey, cols] = size(y);
ylint = y(sizey,1) + 6;
y2int = y(sizey,2) + b * y(sizey,3) * y(sizey,6);
y3int = y(sizey,3);
y4int = y(sizey,4) + c * y(sizey,5) * y(sizey,6);
ybint = y(sizey,5);
y6int = y(sizey,6) + 40;
z(k+1,1) = ylint;
z(k+1,2) = y2int;
z(k+1,3) = y3int;
z(k+1,4) = y4int;
z(k+1,5) = y5int;
z(k+1,6) = y6int;
clear s ytemp;
% Reintegrate with the new initial conditions
[s, ytemp] = oded5(fg, [ti + k * pulsestep, ti + (k+1) * pulsestep], [ylint, y2int, y3int, y4int,
ySint, y6int]);
[evalpts, cols] = size(ytemp);



% Store the information to perform integration again with the new initial conditions until
the chosen final time.
for j = l:evalpts
t(sizey+)) = s(j);
y(sizey+j,1) = ytemp(j, 1);
y(sizey+j,2) = ytemp(j,2);
y(sizey+j,3) = ytemp(j,3);
y(sizey+j,4) = ytemp(j,4);
y(sizey+j,5) = ytemp(j,5);
y(sizey+j,6) = ytemp(j,6);
end
end
end

Part 3: Solution visualization

Integrating the previous functions, this part generates figures depicting population dynamics
for different scenarios (various values of MR) in the trophic chain model. It presents the
abundance of species over time under distinct environmental conditions, aiding visualization
and interpretation of model behavior.

% With this code, the graphs of the solutions are obtained
clear all

close all

cle

global ePCj phiPCj ePCa phiPCa ePAj phiPAj ePAa phiPAa dP dCj GC dAj GA dCadAarR
KR phiCGjR phiCaR phiAjR phiAaR eCaR eAaR HOPCj HOPCa HOPAj HOPAa HOCR
HOCaR HOAjR HOAaR;

% Proposal 2
MP = 100;
MCj=1;
MCa =2.5;
MAj=0.8;
MAa=1.5;
% MR = 0.5;

% Energetic parameters
alpha = 0.75;
beta =0.5;

% Intrinsic reproductive rates
rOR =2.7;

% Carrying capacity
KOR =4 *3.8;

% Mortality rate of predator



dP0 = 0.74;

dCj0 =0.74;
dAj0 = 0.74;
dCa0=0.74;
dAa0 =0.74;

dGj = (dGj0) * (MG;j) » (alpha - 1));
dAj = (dAj0) * ((MAj) » (alpha - 1));
dCa = (dCa0) * (MCa) * (alpha - 1));
dAa = (dAa0) * (MAa) " (alpha - 1));

GC =53* (MCa * 0.27);
GA =53 * (MAa " 0.27);

ePCj0 =0.2;
ePCa0 = 0.7;
ePAj0 =0.5;
ePAal =0.4;
eCaR0 = 0.5;
eCjRO = 0.3;
eAaR0 = 0.5;
eAjRO =0.2;

ePCj = ePCj0 * (MCj / MP);
ePCa = ePCal * (MCa / MP);
ePAj = ePAj0 * (MAj / MP);
ePAa = ePAal * (MAa / MP);

F=a@(x, y) (1+(x/y)" (-beta));
Phi = @(x, y) (1 - exp(-(x/y) " 2));

fPCj=0.3;
fPCa=0.1;
fPAj = 0.5;
fPAa=0.2;
fCR = 0.4;
fCaR =0.4;
fAjR = 0.4;
fAaR =0.4;

phiPCj = fPCj * F(MP, MCj) * Phi(MP, MG;j);
phiPCa = {PCa * F(MP, MCa) * Phi(MP, MCa);
phiPAj = fPAj * F(MP, MAj) * Phi(MP, MA)j);
phiPAa = fPAa * F(MP, MAa) * Phi(MP, MAa);

H = @(x, y) (x .* (alpha)) / (y);

hOPCj = 0.2;
hOPCa = 0.3;



hOPAj=0.2;
hOPAa =0.3;
hOGjR =0.2;
hOCaR = 0.4;
hOAjR = 0.2;
hOAaR =0.4;

HOPGj = ((hOPGj) / (ePCj0 * phiPCj)) * H(MP, MCj);
HOPCa = ((hOPCa) / (ePCa0 * phiPCj)) * H(MP, MCa);
HOPA] = ((hOPAj) / (ePAj0 * phiPAj)) * H(MP, MAj);
HOPAa = ((hOPAa) / (ePAa0 * phiPAj)) * H(MP, MAa);

% Image 1: b=3.2 and c=0.7
% Image 2: b =4 and c=2.5

% Previous code up to the point where the odel5spM1 function is defined
% Specific values of MP

% Proposals for different values of MP
MR_values =[0.04, 0.5, 0.7, 15];

% Create a figure to organize subplots
figure;

for i = 1:length(MR_values)
MR = MR_values(i);

% Rest of the code with equations dependent on MR
rR=10R * (MR) * (alpha - 1));

KR =KOR * ((MR) * (-alpha));

dP = (dP0) * (MP) » (alpha - 1));

eCaR = eCaR0 * (MR / MCa);

eAaR = eAaR0 * (MR / MAa);

phiGjR = fGjR * F(MCj, MR) * Phi(MCj, MR);

phiCaR = fCaR * F(MCa, MR) * Phi(MCa, MR);

phiAjR = fAjR * F(MAj, MR) * Phi(MAj, MR);

phiAaR = fAaR * F(MAa, MR) * Phi(MAa, MR);

HOGJR = ((hOGjR) / (eGjRO * phiCjR)) * HMCj, MR);
HOCaR = ((h0CaR) / (eCaR0 * phiCaR)) * H(MCa, MR);
HOAjR = ((hOAjR) / (eAjRO * phiAjR)) * H(MAj, MR);
HOAaR = ((hOAaR) / (eAaR0 * phiAaR)) * H(MAa, MR);

% Obtain solutions for the current value of MP
[t, y] = odel5spM1(0, 30, 18, 160, 140, 160, 240, MR, 4, 2.5, 1);

% Organize graphs in subplots
subplot(2, 2, i); % 2 rows, 2 columns, current position
plot(t, y(:, 1), 'r-, 'LineWidth', 4);



hold on;

plot(t, y(:, 2), 'b-, 'LineWidth', 4);
plot(t, y(:, 3), b--, 'LineWidth', 4);
plot(t, y(:, 4), 'm-', 'LineWidth', 4);
plot(t, y(:, 5), 'm--', 'LineWidth', 4);
plot(t, y(:, 6), 'g-', 'LineWidth', 4);

legend('Predator’,'Native juvenil','Native adult','Invasive juvenil','Invasive adult','Basal
resource');

xlabel('Time (years)', 'FontWeight', 'bold");
ylabel('Abundance (n)', 'FontWeight', 'bold");
title(['Abundance for MR ="' num2str(MR)]);
set(gca, 'FontSize', 25);
set(gca, 'LineWidth', 2);

end



