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ABSTRACT (252 words)

Species distribution models (SDM) are the spatial surrogate of the suitability of a species in the
biophysical aspect, since they are based on predicting their presence using climatic and environmental
indicators. SDMs are satisfactory at regional scales, where biological interactions such as predation
and competition do not influence distribution. However, at the local scale, they are incomplete for
characterizing the ecology of a species since the algorithms do not include information about biotic
variables. In this paper, we present a mathematical model that couples biophysical and biotic
interactions in a spatially explicit way. We used a distributional database of 12 species of
sigmodontine rodents from Argentine Patagonia as a study case. We performed numerical simulations
of the dynamics of each rodent from a stochastic and spatially explicit population model. The
biophysical suitability of each species was modeled using Maxent, which generated an indicator of
its patch colonization capacity. The vegetation cover of each patch was characterized with remote
sensing indices, associating the coverage with the pressure of aerial predation. The effect of
interspecific competition was modeled from the assembly rules proposed by Fox. The initial
occupation conditions for each species were proposed as known sites of occurrence, and the temporal
evolution of these systems was compared with that obtained from using random initial occupation
conditions. The results obtained allow expanding the description of the ecosystems studied and show
a great capacity for prediction, so it is expected that this new modeling tool can be used to predict
possible future ecological scenarios.

RESUMEN (269 palabras)

Los modelos de distribucion de especies (SDM por sus siglas en inglés) representan espacialmente la
idoneidad de una especie en el aspecto biofisico, ya que se basan en predecir la presencia utilizando
indicadores climaticos y ambientales. Los SDM son satisfactorios a escalas regionales, donde las
interacciones bioldgicas como la depredacién y la competencia no influyen en la distribucion. Sin
embargo, a escala local, son incompletos para caracterizar la ecologia de una especie, ya que los
algoritmos no incluyen informacion sobre variables biéticas. En este trabajo presentamos un modelo
matematico que acopla interacciones biofisicas y bi6ticas de manera espacialmente explicita. Hemos
utilizado como caso de estudio una base de datos distribucionales de 12 especies de roedores
sigmodontinos en la Patagonia Argentina. Realizamos simulaciones numéricas de la dindmica de cada
roedor a partir de un modelo poblacional estocastico y espacialmente explicito. La idoneidad biofisica
de cada especie se model¢ utilizando Maxent, con lo que generamos un indicador de su capacidad de
colonizacidn de parches. Se caracterizd la cobertura de vegetacion de cada parche con indices de
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sensores remotos, asociando la cobertura con la presion de depredacion aérea. El efecto de la
competencia interespecifica se modelé a partir de las reglas de ensamble planteadas por Fox. Se
propuso como condicion de ocupacién inicial para cada especie los sitios de presencia conocidos y
se compard la evolucion temporal de estos sistemas con la obtenida a partir de utilizar condiciones
de ocupacion inicial al azar. Los resultados obtenidos permiten ampliar la descripcion de los
ecosistemas estudiados y muestran una gran capacidad de prediccion, por lo que se espera que pueda
utilizarse esta nueva herramienta modelistica para predecir posibles escenarios ecoldgicos futuros.

KEYWORDS: Mathematical model, biotic interactions, Fox's rule, rodents.

TOTAL WORDS: 8109 (ONLY TEXT)
1. Introduction (1040 words)

“Why do they say you are invincible?”
“Because I've never fought.”
—attributed to the creator of aikido, Morihei Ueshiba

The use of mathematical models to describe and analyze ecological systems has
experienced significant growth in recent years. They generate predictions, but they are also
a tool that allows ordering and systematizing assumptions within a framework, enabling the
elucidation of complex biological systems. In recent years, species distribution models
(SDMs) have played an increasingly important role in studying the distribution patterns of
organisms (Guisan and Thuiller, 2005). The “suitability models” aim at identifying the most
influential variables explaining species presence (or presence/absence), and generate
potential distribution maps based on different environmental characteristics and scenarios
(Felicisimo et al., 2005), representing a species environmental realized niche (Soberén,
2007). Predictive spatial modeling based on the analysis of environmental parameters and
the presence of species is widely used in environmental, ecological and conservation studies,
among others (Yanga et al., 2013; Matyukhina et al., 2014; Yuan et al., 2015).

The distribution of a species results from the dynamic interaction of biotic and abiotic
factors, although most research has focused on the latter. However, biotic relationships
influence the distribution of species greatly, albeit at different scales (Jablonski, 2008).
Competition, for example, can lead to species occupying only a fraction of their potential
range (Anderson et al., 2002; Pearson and Dawson, 2003; Mateo et al., 2011). This is an
important factor that is mostly absent in species distribution studies (Davis et al., 1998;
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Fitzpatrick et al., 2007), as with other interactions such as facilitation, pollination, herbivory
or predation (Séanchez Cordero and Martinez-Meyer, 2000; Hebblewhite et al., 2005; Mateo
etal., 2011). At the local level, the ecological processes that determine to a greater extent the
diversity of species in communities are habitat selection and ecological interactions
(competition and predation), as well as local extinction processes due to stochastic events.
The presence and intensity of these processes give rise to different types of communities
(Ricklefs and Schluter, 1993; Moreno et al., 2007). Mechanisms that facilitate species
coexistence are differences in morphology, diet, and foraging behavior (Kotler, 1989; Scott
and Dunstone, 2000).

Although incorporating all biotic relationships into models would probably be
challenging, the almost universal lack of knowledge about their dynamics at individual
species’ levels means they are ignored when generating SDMs. Known extrapolation
algorithms generally do not receive information on biotic variables (Soberén and Peterson,
2005), and intra- and interspecific competition have been modeled only for some simple
systems (Bascompte and Solé, 1998). This is undoubtedly a field that will develop in the
immediate future, since sufficient maturity has been reached in the techniques to tackle more
complex tasks, such as these (Mateo et al., 2011).

In this context, mathematical simulations can provide additional support. The effects
of biotic interactions are invisible on a regional scale and only begin to manifest themselves
from 1:10,000 downwards (between 0.1 and 100 ha) (our observations). Similar problems of
scale appear when interpreting species assemblages. Interspecific competition spatially
segregates species, particularly when they belong to the same trophic guild (Brown et al.,
2002), establishing rules of coexistence or exclusion that are manifested only at micro or
local scale.

A common methodology for modeling populations with heterogeneous distributions
is metapopulation modeling (Levins and Culver, 1971). In metapopulation models, local
populations (or subpopulations) of a given species reside in areas that have a certain spatial
structure. Each subpopulation is made up of a set of interacting and reproducing individuals,
which present a relatively independent dynamic and have finite probabilities of becoming
extinct and of colonizing new territories. Each subpopulation is considered to inhabit an area

or “patch,” so a metapopulation can be characterized as a network of patches occupied by
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groups of individuals with characteristic migration rates between patches. Metapopulations
occupy an arrangement of patches of variable habitat suitability. At this level of description,
these patches are the only spatial resource, and can be colonized or vacated according to
specified rules. Patches can also be destroyed and become unsuitable for colonization,
representing spatial heterogeneity and landscape fragmentation, as in Bascompte and Solé
(1998) and Abramson et al. (2017).

In Laguna et al. (2015), a mathematical model of a simple food web with two
herbivores and one predator was analyzed. Competing herbivores were represented by sheep
and guanacos, while the puma (Puma concolor) represented the predator. The proposed
model combined the concepts of metapopulations and patch dynamics, and included an
explicit hierarchical competition between species, affecting their prospect of colonizing an
empty patch by having to compete with other species. Based on that work, in the present
study we consider the assemblage of sigmodontine rodents that inhabit Patagonia,
incorporating additional information about the environmental suitability for each species
(based on our Maxent SDMs; Ruiz Barlett et al., 2019), known presence sites, hierarchical
competition between species, and a proxy for aerial predation.

Fox's assembly rule (1987) states that the incorporation of a new species into a
community depends on the type of configuration of its previous occupants. When a level of
organization without trophic redundancy is completed (for example a herbivore, an omnivore
and a granivore), a redundant species can only enter when the first level is complete. The
communities that conform to the rule of assembly are the “favorable states”. In other words,
if there are three species in the same site, it is unlikely that two of them belong to the same
trophic guild (e.g., both herbivores), as these are the “unfavorable states”. Kelt et al. (1995)
established that the species of rodents studied in this work follow Fox's rule.

In Ruiz Barlett et al. (2019) we generated potential distribution models for
sigmodontine rodent species that inhabit the Andean-Patagonian forest region and adjacent
areas, and we analyzed the main climatic variables influencing them. Based on these
analyses, the objective of the present work was to mathematically model the effect of biotic
factors (namely, interspecific competition and predation) on the specific composition of
rodent assemblages. For this, stochastic numerical simulations of rodent species dynamics

were modeled using a spatially explicit metapopulation methodology as described below. We
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hypothesized that species competition for food resources and aerial predation influence the
distribution and composition of Patagonian sigmodontine assemblages. The presence and/or
absence of each biotic factor is expected to have significant effects on the possibility of
colonizing a new patch and on the spatial arrangement of rodent populations, and these

effects are visible with the proposed simulation model.

2. Materials and methods (1908 words)

2.1. Area and species studied

Since we are interested in the influence of biotic factors on the distribution of
rodents at a local scale, we selected a study area within the geographical distribution of the
rodent species of interest, comprising the Andean and transition (forest-steppe ecotone) zones
of northwestern Patagonia in Argentina, including Nahuel Huapi National Park and its
surroundings (from 38° to 42° South and 68° to 72° West, ~200,000 km?). The climate of
this region is temperate-cold (Paruelo et al., 1999) with a steep precipitation gradient from
west to east, and a moderate temperature gradient. Annual precipitation ranges from ~4000
mm in the Valdivian rainforest to ~230 mm in the Patagonian steppe (Prohaska, 1976), and
elevation ranges from 3000 to 500 m. These extremes occur within less than 150 km from
west to east, producing some of the sharpest abiotic and biotic transitions on earth
(Quintanilla Pérez, 1983; Veblen and Lorenz, 1988).

The following twelve rodent (Rodentia, Cricetidae, Sigmodontinae) species were
included in our analyses: Abrothrix hirta, A. olivacea, Geoxus valdivianus, Notiomys
edwardsii, and Paynomys macronyx (Abrothrichini); Oligoryzomys longicaudatus
(Oryzomyini); Eligmodontia morgani, Loxodontomys micropus and Phyllotis xanthopygus
(Phyllotini); Euneomys chinchilloides and Irenomys tarsalis (Euneomyini); and Reithrodon
auritus (Reithrodontini) (Pardifias et al., 2015; Patton et al., 2015). These species are a subset
of those previously studied in Ruiz Barlett et al. (2019), and were chosen because they are

those from which we have information about known sites of presence in the study area.
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2.2 Mathematical model with biotic interactions

Numerical simulations of the dynamics of each rodent species were carried out with
a stochastic and spatially explicit metapopulation model, similar to the one proposed by
Laguna et al. (2015). In this approach, the different subpopulations from the twelve species
inhabit a grid that represents the study area. Each subpopulation of each species can colonize
a neighboring patch with a probability that depends on: 1) suitability, 2) the interspecific
competition provided by Fox’s rule, and 3) the intraspecific competition that underlies the
metapopulation approach. Besides, each species also has a probability of vacating a patch
due to: 4) aerial predation, and 5) different biotic factors, modeled as a local extinction within
that patch. To specify these processes for each species, the model takes into account the

following conditions at each cell:

1. Potential suitability. For each species, this is the value obtained from the Maxent
SDMs, as generated in Ruiz Barlett et al. (2019) from specific sites of presence and
environmental variables. It weighs the probability of colonization of an available
patch by a given species.

2. Fox’s rule. As discussed above, this is used to model the effects of competitive
interactions between different rodent species. Together with the definition of a
hierarchy within each guild, the rule determines a competitive hierarchy that
influences the order of arrival of each species to the local assembly into a given patch.

3. Intraspecific competition. Metapopulation models prevent the occupation of a patch
by a subpopulation of a species that is already occupying the site.

4. The vegetation cover at each site is used as a proxy of the probability of predation,
given that a higher ground cover provides more protection from aerial predators and
consequently decreases the predation risk. In other words, in areas with little or no
vegetation, rodents are more likely to be preyed upon. In this work we use two
different vegetation indices: NDVI and MSAVI.

5. The local extinction rate emulates death from natural causes or complete migration
from a patch. Given that the mean lifespan of all the rodent species considered is
similar (Jones et al., 2009; Pacifici et al., 2013), we used the same local extinction
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214 We consider a square grid of patches that can be either vacant or occupied by one or

215  more of the species. Time advances discretely and, at each time step, the state of occupation
216  of a patch is dictated by a stochastic process depending on the ecological processes described
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above: colonization, predation, and local extinction (Fig. 1). They were implemented as
follows:

Colonization

A first element to consider is the colonization capacity of a species. The ability to
colonize a patch depends on how it is suited by the species’ ecological requirements. We
used the environmental suitability information obtained from the SDMs, previously
calculated for each species (Ruiz Barlett et al., 2019), as a measure of this. Then, the
colonization capacity of site i by species j is the suitability, adequately normalized between
0and 1 to be used as a probability. Furthermore, the colonization of a patch by a given species
will depend on the number of neighboring patches occupied by that species (the greater the
number of neighboring patches occupied, the greater the probability of becoming occupied).
Mathematically, the probability of colonization of patch i by species j is calculated as follows:

C(i,j) = 1 — [I — suitability(i, NIV
where N is the number of neighboring patches that are occupied at the time.

Another ingredient to consider in the colonization process is competitive
interactions between species. They were established by Fox’s rule, which groups species
into trophic guilds, as analyzed in Kelt et al. (1995). According to Fox’s rule, species from
different trophic guilds do not have interspecific competition to occupy a patch, while those
within the same guild have a hierarchy that must be considered. To complement Kelt’s
classification, we assumed that the superior competitor is the one with the largest body size,
since larger body mass leads to relatively higher fitness (Predavec, 2000). The hierarchical
order was determined according to body weight for each species obtained from Secretaria de
Ambiente y Desarrollo Sustentable de la Nacidn y Sociedad Argentina para el Estudio de los
Mamiferos (2019). In order to implement this rule, species were classified into four trophic
guilds, identifying their hierarchical position in the food web, and ordered by descending

hierarchy as follows:
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Descending Herbivores (hi)  Granivores (gi)  Animalivores  Omnivores

hierarchy (i) (ai) (o)
1 Reithrodon Oligoryzomys Paynomys Abrothrix
auritus longicaudatus ~ macronyx hirta
2 Euneomys Eligmodontia Geoxus Abrothrix
chinchilloides  morgani valdivianus olivacea
3 Loxodontomys Notiomys
micropus edwardsii
4 Phyllotis
xanthopygus
5 Irenomys
tarsalis

Then, the colonization proceeds as follows: 1) the superior competitor of a randomly chosen
trophic guild is the one that has priority to colonize any patch that is not already occupied by
the same species (intraspecific competition), and will do so with probability C(i,j)
(suitability); 2) an inferior competitor will only be able to colonize a patch which is not
already occupied by the same species, nor by a superior competitor of the same guild
(interspecific hierarquical competition), and again, the probability of this happening is
C(i,j); and 3) even if the cell is suitable for a species, if it is already occupied by another
species from the same guild and not all other guilds are present on the cell, that species is

forbidden from accessing the patch (Fox’s rule).

Predation

For predation, an aerial predator (for example, an owl) was simulated by prey
exposure obtained indirectly from vegetation indices (NDVI and MSAVI) of the study area.
Vegetation cover, such as rosehip (Rosa eglanteria), shrubs and colihue cane (Chusquea
culeou) provides protection from predators, while areas without or with scarce vegetation are

more exposed to aerial predation. In the model, the values of vegetation indices were
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normalized to lie in the interval [0,1] so that the probability of predation is defined at each
site i as:

Predation(i) = [ — VI(D)]*

where VI is NDVI or MSAVI, and « = 0.25. This functional form gives a probability of
predation that decays monotonically with the vegetation cover. The value of the coefficient
a was chosen phenomenologically, since it gives a range of almost linear decay at low values
of VI, while turning down rapidly only when the protection provided by the cover approaches
1. The precise form of the function is not particularly important, but a departure from
linearity, as provided by the exponent «, ensures that the VI does not underestimate predation

in forest areas, which would be unrealistic.

Vegetation index (NDVI) with a resolution of 0.86 km was taken from Ruiz Barlett et al.
(2019). Besides, vegetation indices with a resolution of 30 meters were generated using
Landsat 8 images, with dates from 2018-01-13 to 2018-02-07, obtained from
www.earthexplorer.usgs.gov. Images were processed and NDVI and MSAVI indices were
generated using SNAP (SNAP, 2014) and QGis software (QGIS Development Team, 2011).

Local extinction

At each step of time, each subpopulation has a probability e of becoming extinct
(the same for all species and all patches). This probability of local extinction accounts for
both death due to natural causes and the possibility of migration, and in both cases the effect

is the same: the vacating of a patch by a given species.

2.4 Model dynamics

We studied the dynamics of this model through computer simulations performed on
a system enclosed by impenetrable barriers. To perform a typical realization, we defined the

parameters of the model and set an initial condition of patch occupation. We consider two
different initial conditions (IC):

10
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IC1: At time zero, the only patches occupied on the grid are those containing the
known sites of presence of each species in the selected study area (see in Ruiz Barlett et al.,
2019).

IC2: At time zero, each species randomly occupies any cell on the grid in a given
proportion. We tested values between 0.01% and 20% of patches occupied by each species.

From these initial conditions, the dynamics rules produce a temporal evolution of
the occupation of cells in the system, through colonization, predation and local extinction.
After a transient period of time, a steady state is achieved where there are fluctuations but no
substantial changes in the occupation of patches for a considerable number of steps, as shown
below. The temporal evolution of the fraction of patches occupied for each species during
the whole process is recorded. Also, when the steady state is reached, we perform
measurements of the number of visits that each species makes in each patch. The value
obtained corresponds to the fraction of time that the species occupied the patch in the steady
state. We present these results as color maps and name them distribution maps. The patches
that were visited the most, represented with warm colors, are visited half the time (that is,
about 500 times in a simulation that lasts 1000 steps). The cells with cold colors (blue, light
blue) indicate that, although environmentally favorable areas, they are less visited by the

species.

2.5 Scenarios analyzed

Numerical simulations were performed in grids of two different sizes. We call
Model 1 the one corresponding to a system with patches of 0.86 km forming a grid of
480x480 sites (with a total of 230,400 patches). Besides, Model 2 corresponds to a system
with patches of 30 m in a grid of 12,992x12,992 sites (with a total of 168,766,080 patches).
The reason for adding Model 2 has to do with the fact that effects of biotic interactions are
manifested only at micro or local scales.

We use Model 1 to analyze how and to what extent each ecological process
influences the behavior of the species, and how much the steady state of the system depends
on the two different initial conditions, IC1 and IC2. In this case we use as a proxy for aerial

predation only the vegetation index NDVI.

11
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The following scenarios were generated:

-Scenario A, or “complete,” including all the ecological processes discussed above:
colonization (including suitability, Fox’s rule, and hierarchy), predation (VI: NDVI) and
local extinction;

-Scenario B, including predation and local extinction, but excluding competition;

-Scenario C, including competition and local extinction, but excluding predation
(i.e., without NDVI);

-Scenario D, with competition and predation, but excluding extinction.

Besides, with Model 2 we study only the complete scenario (scenario A) with
random initial conditions (1C2). In this case, two vegetation indices with a resolution of 30
m were used: NDVI and MSAVI. The potential distribution maps generated with Maxent,
with pixels with a resolution of 0.86 km, were converted to 30 m patches.

To analyze the relevance of the scale in the biotic interactions we compare the
distribution maps obtained with the two patch resolutions (Models 1 and 2).

3. Results

To determine the influence of biotic factors in the distribution of rodents through the
proposed model, we first analyzed scenarios with different initial conditions and then the
behavior of species for the different scenarios detailed in the previous section using the
Models 1 and 2.

3.1 Initial conditions

To analyze how much the steady state of the system depends on the initial occupancy
of the species, we use Model 1 to perform numerical simulations under different initial
conditions. As we said, with IC2 we tested fractions of patches initially occupied in the range
[0.1% - 20%], and compared with the behavior observed with IC1. In Fig. 2 we show a
comparison for the cases with IC1 and 1C2=0.1%, as they have a similar number of initially
occupied patches. In both cases, the fraction of occupied patches is initially very small (about

10%), and for this reason the curves seem to start from zero. The fraction of occupied patches

12
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in the steady state is almost identical, the difference between ICs is the shorter time necessary
to reach the steady state in the model with a random distribution starting point (IC2), than for
the model with known sites of presence (IC1). As expected, the larger the fraction of initially
occupied sites, the faster the system reaches the stationary state: a system with 1C2=20%
reaches the steady state 50 times faster than a system with IC1 (not shown here). However,
the fraction of patches occupied at the steady state is the same for all the 1C studied, and this
result suggests a remarkable robustness of the results. It is worth noting that, while 1C2 is
computationally more efficient, IC1 is ecologically better justified. In the following section
we show the simulations generated with 1C2=0.1%, in order to maintain the proportion of

initially occupied sites in similar proportion to IC1.
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Figure 2. Evolution of systems with two different initial conditions, showing the fraction of patches
occupied as a function of time. Left: known sites of presence for each species (IC1). Right: random
distribution sites (1C2=0.1%). Species are hi: Reithrodon auritus, h,: Euneomys chinchilloides, hs:
Loxodontomys micropus, hs: Phyllotis xanthopygus, hs: Irenomys tarsalis, gi: Oligoryzomys
longicaudatus, g.: Eligmodontia morgani, a;: Paynomys macronyx, a,: Geoxus valdivianus, as:
Notiomys edwardsii, 01: Abrothrix hirta, o,: Abrothrix olivacea.

We analyze the expansion of the species in the very first moments of evolution,
when the progress is linear with time. This regime allowed us to calculate the speeds at which
species colonize the patches for the two ICs studied (see Fig. 3). When comparing the speeds

in both cases, we found that the case with random initial conditions (IC2) was faster (Fig. 3),

13
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the fastest species being A. olivacea (02) and P. xanthopygus (hs), and the lowest one L.
micropus (hz) in both, IC1 and IC2 cases. A similar pattern was found in the model with
known sites of presence as starting point (IC1), but the order of species following the first
two was a little different. But perhaps the most interesting result was observed for IC2, where
within each guild the superior competitors presented the lowest rate of expansion with respect
to the species of the same guild.
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Figure 3. Speed of progress of the species during the first 15 time steps: comparison of the two IC.
Dispersion bars are included.

3.2 Model 1: scenarios

In order to separate the contribution of each ecological process to the behavior of
the system, we perform numerical simulations with the different scenarios described in the
previous section. In Fig. 4 we show the evolution of the fraction of patches occupied by each
species for scenarios A, B, C and D. Scenario A and B are similar, although some species
have different occupations. The absence of predation (scenario C) greatly modifies the
fraction of occupied patches, which is higher for all species (between 0,8 - 1 for several
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species). As a consequence, the system needs more time to reach steady state (see Fig. 4, C).
Besides, scenario D, without local extinction, is very similar to scenario A (Fig. 4, D).

The species with the largest occupation area in all scenarios is A. olivacea (02),
meaning that competition and predation have little impact on its colonization. Species with
more restricted occupation areas are Geoxus valdivianus (az), Irenomys tarsalis (hs) and
Phyllotis xanthopygus (ha).

The species ordering varies slightly between scenarios, especially from the second
species onwards: the first is always A. olivacea (02) but the second and third are Paynomys
macronyx (a1), A. hirta (01) and O. longicaudatus (g1) in scenario A, whereas in scenario B,
A. olivacea is followed by Euneomys chinchilloides (h2) and P. macronyx (a1). A close group
of species in scenario C is observed, with A. olivacea (02), O. longicaudatus (gi1) and P
xanthopygus (hs) followed by almost all the other species with high patch occupancy. The
order of species in scenario D is the same as in scenario A, except for a slight change in some
species like E. chinchilloides (h2) or O. longicaudatus (g1). Competition and predation were
the most important variables shaping the rodent community at this scale, and the influence

of local extinction was small when compared to the other studied variables.

PLACE FIGURE 4 HERE
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Figure 4. Evolution curves of species occupations for the different scenarios. Scenario A: complete
scenario. Scenario B: without Fox’ rule. Scenario C: without predation (NDVI). Scenario D: without
local extinction. Note the different scales in each case. Species are hi: Reithrodon auritus, hy:
Euneomys chinchilloides, hs: Loxodontomys micropus, hs: Phyllotis xanthopygus, hs: Irenomys
tarsalis, gi: Oligoryzomys longicaudatus, g.: Eligmodontia morgani, a;: Paynomys macronyx, a;:
Geoxus valdivianus, as: Notiomys edwardsii, 01: Abrothrix hirta, 0,: Abrothrix olivacea.

In scenarios A and B, where extinction has little weight and predation has more
weight, rodent species quickly spread across a lower number of patches compared to scenario
C (without predation), leading to rapid segregation. However, without predation and at the
same time-span, the species are not entirely spatially segregated, as is the case in scenarios
A and B, which take longer to stabilize (temporally speaking) and occupy many more
patches. For example, among the herbivores that inhabit the steppe (R. auritus and E.
chinchilloides), strong spatial segregation is observed following Fox’s rule. The model
suggests that E. chinchilloides is not common in areas where R. auritus is present, even
though the area is suitable for both species according to Maxent's potential distribution maps

(see Supplementary Material 1). The fraction of patches occupied for E. chinchilloides at the
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beginning of the simulation increases rapidly, and decreases as the occupied patches of R.
auritus (h1) increase (Figure 4, A). In scenarios without predation and without Fox’s rule
(Figure 4, B and C), the increase in occupied patches is monotonic, without decreasing, which
could indicate the significant impact that predation and competition have on these species.
In scenario A for I. tarsalis (h5) and G. valdivianus (a2), patch colonization is limited within
their environment to areas where L. micropus (h3) and P. macronyx (al) did not colonize.
Both 1. tarsalis (h5) and G. valdivianus (a2) in scenarios B and C saw an increase in the
occupied patches of both species. E. morgani, in the model presents a fraction of 0.05 of
occupied patches in the complete scenario, which increases to 0.12 without Fox’s rule,

whereas in the model without predation it reaches 0.8.

To illustrate the dynamical behavior of the metapopulations, we show in Fig. 5
snapshots at different simulation times of the occupancy of two species (O. longicaudatus
and E. morgani). Starting from IC1 (the known presence sites), species colonize new patches
as time evolves (t = 1,10,40, 150 and 500), until reaching a final steady state where no
further changes are observed (1000 steps in these examples). Complementary information

can be obtained from the distribution maps generated for the different scenarios.

PLACE FIGURE 5 HERE

Figure 5. Snapshots of the evolution of the simulations. Left: Oligoryzomys longicaudatus (gi).
Right: Eligmodontia morgani (g2). The simulation time of each snapshot is indicated in the figure.
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In Figure 6 we show the distribution maps of scenarios A (complete) and B (without
Fox’s Rule) together with the SDMs generated with Maxent, for three species (maps of the
remaining species are presented in Supplementary Material 1). In the distribution maps, the
area occupied by species with the complete model (scenario A) is reduced with respect to the
ideal area (>50%) of the Maxent SDM maps for species E. chinchilloides (h.), P.
xanthopygus (hs), 1. tarsalis (hs), E. morgani (g2) and G. valdivianus (a2). This might be due
to aerial predation and competition for resources. In contrast, in A. hirta (01), A. olivacea (0z),
O. longicaudatus (gi1), R. auritus (h1), L. micropus (hs) and P. macronyx (a1) the occupied

area was greater than the Maxent ideal area of each species.

When comparing the fraction of occupied patches in the steady state, with and
without Fox rule, the species that do not present changes in occupancy are the two omnivores,
O. longicaudatus (g1), P. macronyx (a1), R. auritus (h1). The species that increase the fraction
of occupied patches without Fox’s rule are E. chinchilloides (h2), I. tarsalis (hs), E. morgani
(92) and G. valdivianus (a1), showing to be sensitive to competitors. Between species from
the same guild, as in O. longicaudatus (g1) and E. morgani (g2), a change in distribution maps
is observed with and without Fox's rule, between scenario A and B (see Fig. 6).

P. xanthopygus (h4) is the species with the largest predation pressure observed in
the model. This species displays a very low occupancy in Scenario A, close to 0 (Fig. 4, A).
The map presents two areas of reduced distribution compared to the potential distribution
map of Maxent (Supplementary material 1, h4); the same thing happens in the case without
Fox’s rule. In the absence of predation, this species increases its occupancy abruptly over
time, being one of the species with the highest fraction of patches occupied in the simulation
(Fig. 4, C).

PLACE FIGURE 6 HERE
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Figure 6. Left: SDMs generated with Maxent. Center: Distribution maps with Model 1 in Scenario
A. Right: Distribution maps with Model 1 in Scenario B. Maps for the other species are presented in
Supplementary Material 1.

To quantify the difference between distribution maps of Scenarios A and B we
calculate the mean occupations in the steady state (averaging the last 100 steps) in both cases
(Fig. 7, left panel). Again, A. olivacea (02) was the species that occupied the highest average
number of patches in the steady state, with and without Fox's rule.

Besides, the relative difference in occupations for each species, given by doccup =

occupation (scenario B) — occupation(scenario A)

was calculated to get a measure of each species'

occupation (scenario B)
gain from not competing (Fig. 7, right panel). When comparing the fraction of occupied
patches in the steady state, with and without Fox’s rule, the species that did not present
changes in occupancy were the two omnivores, and the superiors of each trophic guild, O.
longicaudatus (gi), P. macronyx (ai), and R. auritus (h1). The species that increased the
fraction of occupied patches without Fox’s rule were E. chinchilloides (h.), I. tarsalis (hs),
E. morgani (g2) and G. valdivianus (az2), showing to be sensitive to competitors. Among the

animalivore species, P. macronyx (ai) occupied more patches than G. valdivianus (a2).
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Figure 7. The final states of the average occupancy in the steady state, with and without Fox's rule
(right) and difference in occupations (left).

3.3 Model 2: resolution 30 meters

Since the biotic factors of competition and predation are visible at a local -patch-
scale, we carried out numerical simulations with the Model 2, using recently available images
with a resolution of 30 meters. In Figure 8 we show the distribution maps for three species
and two different vegetation indices (NDVI and MSAVI) for the calculation of aerial
predation. The maps of the other species are presented in Supplementary Material 2.

The reason behind the inclusion of the MSAVI index is that it is more suited for
areas with sparse vegetation than NDVI. However, in general, the distribution maps obtained
with MSAVI present the same distribution patterns than the ones obtained with NDVI, but
smaller areas of high occupancy for some species, as E. chinchilloides (h2), L. micropus (hs)
or O. longicaudatus (g1).

Compared maps at both resolutions (Figs. 6 and 8, and their respective
Supplementary materials) showed similar results, albeit with small patches of occupancy
appearing at the 30 m resolution model that were not visible in Model 1, as is the case in P.

xanthopygus (hs), E. morgani (g2), G. valdivianus (a2), I. tarsalis (hs) and A. hirta (01). In the
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species with the largest area of occupancy, A. olivacea (02), the area with the highest
occupancy is smaller in Model 2 (Fig. 8) than in Model 1 (Fig. 6). An opposite behavior is
observed for R. auritus (h1), where the main area of occupancy is smaller in Model 2,
although several dispersed patches are observed. In E. chinchilloides (hz), on the other hand,
the main area of occupancy is greater and, again, dispersed patches are observed (see Supl.
Mat. 2).

PLACE FIGURE 8 HERE

02: Abrothrix olivacea

gl: Oligoryzomys longicaudatus
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g2: Eligmodontia morgani

Figure 8 Distribution maps of Model 2. Left: NDVI, Right: MSAVI. (The maps of the other species
are in Supplementary material 2).

E. morgani (g2) seems to suffer from competitive exclusion by O. longicaudatus
(91), with a distribution reduced to small patches where the competitor is present. G.
valdivianus (a2) and I. tarsalis (hs), species living in the Patagonian forest, also compete in
their trophic groups occupying small patches throughout the area, in coincidence with known

sites of presence of each species, a pattern that was not visible in Model 1.

3.4 Overlap between the model and real data

Distribution maps can be used to quantify the degree of overlap between the
patches most visited by a given species in the metapopulation model and the sites where it
was actually found. We use the maps generated with Model 2 for the two vegetation indices,
NDVI and MSAVI, and 1C2=0.1% to evaluate the proportion of coincidence of sites inside
or outside the areas for each species (see Table 1). In both cases, the species that do not
overlap are G. valdivianus (a2), 1. tarsalis (hs), E. morgani (g2) and P. xanthopygus (has),

whereas the rest of the species have a good match.
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PLACE TABLE 1 HERE

Table 1. Table of coincidences with sites of presence of each species, for two implementations of
Model 2, with NDVI and MSAVI (c: coincidences).

NDVI MSAVI

N° sites
Specie Category of c % c %

presence
Reithrodon auritus hl 5 2 40 2 40
Euneomys chinchilloides h2 19 13 68 14 74
Loxodontomys micropus h3 43 25 58 24 56
Phyllotis xanthopygus h4 5 0 0 0 0
Irenomys tarsalis h5 30 1 3 2 7
Oligoryzomys longicaudatus gl 47 43 91 43 91
Eligmodontia morgani g2 28 1 4 0 0
Paynomys macronyx al 45 41 91 41 91
Geoxus valdivianus a2 44 1 2 0 0
Notiomys edwardsii a3 3 2 67 2 67
Abrothrix hirta ol 57 52 91 53 93
Abrothrix olivaceus 02 37 34 92 33 89

Two other ways to evaluate the degree of overlap between the known data and those

PLACE FIGURE 9 HERE

while the remaining ones have coincidence values greater than 50%.

obtained with the model are shown in Fig. 9. One metric, named intersection in the figure,
corresponds to calculating the ratio between the number of patches with occupancy higher
than 10% and the number of sites of presence. The other is the scalar product between the
normalized vectors of presence and occupation. In this last case, no occupation threshold is
needed (as the 10% used in the first one). High values of these quantities indicate that the
model is good at predicting the sites where the species was actually found. It is worth noting
that the species that present low values of these quantities coincide with those in Table 1,
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Figure 9. Overlap between presences and occupations, characterized by two metrics: intersection and
scalar product, as defined in the text.

The results presented in this section show that rodent species are strongly affected by
biotic factors, especially aerial predation and, to a lesser extent, competition and extinction.
Both aerial predation and competition for resources have effects on the evolution of the

species and on the maps of the final stage.

4 Discussion

On a continental or regional scale, climate is the dominant factor in delimiting the
geographic range, while, at more local scales, factors such as topography and land cover type
become increasingly important. At progressively smaller scales, factors including biotic
interactions and microclimate may become most relevant, since climate and topography
become invariant (Pearson and Dawson, 2003). Our models show how interspecific
interactions (i.e., predation, competition) shape a rodent community at a scale of 1=10.000
or below. The distribution models generated through numerical simulations using

environmental variables (from SDMs) and biotic variables are consistent, showing a clear
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effect of predation and competition in the spatial arrangement of the different species of
rodents. Pearson and Dawson (2003) showed that biotic interactions have important impacts
on the distribution of species. They define the natural system as a complex network of
interactions and feedback between species, so changes in the distribution of a single one may
have important repercussions on the distribution of many others. Therefore, modeling
strategies based solely on bioclimatic envelopes can, in some cases, lead to distributions on
a continental or regional scale that lose predictive power on a local scale. Through the
simulation models presented here, we described how populations and their distributions are
altered by predation and competition, showing experimentally how species influence each
other’s distribution, following Fox’s (assembly) rule.

The coincidence of the final states of both ICs suggests a remarkable robustness in
our results. Models evolved from an initial condition consisting of sites of known presence
achieve a density similar to those that use randomly distributed sites for initial conditions. In
addition, we tested much larger initial densities (20% of the sites initially occupied), and in
all the cases the same steady state was reached, showing independence of the initial

conditions.

4.1 Biotic variables

The effect of predation is the biotic variable that showed the hightest influence with
the spatial arrangement or habitat selection of the studied species. We observed that the
absence of predation greatly modified the occupation models: all species show a considerable
increase in the fraction of occupied patches, without reaching a balance. The models showed
areas (or patches) that rodent species could occupy if predators were eliminated or non-
existent. Indeed, the ecosystem can undergo a drastic change if a key species is eliminated,
and in most cases the keystone species is a predator that can control the distribution and
population of large numbers of prey species (Mills et al., 1993; Laguna et al., 2015). Such
cases of top-down control of the ecosystem have even been the subject of field
experimentation (Terborgh et al., 2001). In our study, the vegetation cover provided shelter
and reduced predation risk (Bisceglia, 2014; Corbalan, 2004). As such, predation acts as a
selective pressure, influencing habitat selection (rodents tend to use covered sites to a greater

extent) and foraging activity (Guidobono, 2013). Some rodents inhabiting arid environments,
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where vegetation cover can be very low or inexistent, live in rocky areas that could also be
used as refuges (such as E. chinchilloides; Pearson and Christie, 1991; Pardifias et al., 2003).

The factor with the largest influence in the specific composition of rodent
assemblages in the study area is interspecific competition. Models generated without Fox’s
rule (scenario B) show effects in both the evolution curves of some species and the final
spatial occupation. This rule reduces the occupied sites, the proportion of patches that some
species occupy is greater and in less time in the absence of competition, while it does not

modify the occupancy for other species (e.g. E. morgani and O. longicaudatus respectively).

4.2 Types of communities

Generalist or eurytopic species such as L. micropus, O. longicaudatus and P.
macronyx can occupy and proliferate in a wide variety of habitats in the forest and in the
broad ecotone between the forest and the Patagonian steppe. These species show, in the
indicators studied with Maxent, a wide range of tolerance to climatic and environmental
variables. They are the species that occupy the largest number of patches. In contrast, habitat
specialists such as E. chinchilloides have a much narrower niche breadth and, consequently,
occupy the few patches of habitat where it can proliferate, usually with little or no presence
of competitors (Brown, 1995; Pearson, 1987). They are the ones that occupy the least number
of patches.

The omnivore species of the genus Abrothrix occupied more patches in total in all
scenarios. Omnivory can be a form of adaptation to the unpredictability of the environment,
since these generalist and opportunistic species vary their diet according to the local and
seasonal availability of food resources (Noy-Meir 1979, 1980; Corbalan, 2004). Abrothrix
hirta appears to be a “local specialist” (Fox and Morrow, 1981) in response to the availability
of local resources; it is strongly insectivorous in semi-arid regions (Meserve, 1981), but
strongly fungivorous in forested regions (Meserve et al., 1988). Regarding Abrothrix
olivacea, in a heavily altered pine plantation Mufioz-Pedreros et al. (1990) found it to be
herbivorous. However, in less disturbed habitats, this species has been shown to be quite

omnivorous (Meserve, 1981; Pearson and Pearson, 1982; Meserve et al., 1988).

This differential use or resource partitioning facilitates the coexistence of species

within a community (Kotler and Brown, 1988; Shenbrot et al., 1999). The diverse geographic

27



677
678
679
680
681
682
683
684
685

686
687
688
689

690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706

adaptations exhibited by these species result in distinct efficiencies in resource acquisition
from the ecosystem and subsequent biomass conversion. In that sense, a surrogate of their
success could be the number of patches occupied in the model, if each patch has the same
density of individuals of each species. Following this assumption, generalist and omnivorous
species, by avoiding competition for specialized resources, are the most “successful” in terms
of the breadth of their geographic range (measured in number of occupied patches in the

model).

4.3 Different spatial resolutions

Species minimize the energy costs of interspecific competition through niche
segregation, especially in the habitat and trophic dimensions. Such segregation determines
the spatial arrangement of populations at a given site. The version of our model with 30
meters of resolution has brought us closer to a description of this process.

The different resolutions of patches allowed differentiating the effect of competition
by Fox’s rule and that of aerial predation in the distribution map obtained in the steady state
of the model. These factors that operate at a scale of patches, are reflected even better at 30
m resolution. It is at this scale (for example, under a patch of shrubs) that intra-guild exclusion
among rodents occurs. Moving from under the canopy of perennial shrubs to bare ground
within a few meters of the bush edge, rodents undergo striking and important changes with
respect to microclimate, substrate, resource availability, and predation risk (Kotler and
Brown, 1988). The apparent coexistence at the scale of 1 km conceals this spatial segregation,
driven by Fox’s rule, that operates at another scale. As the simulation progresses, with smaller
patches and greater detail of vegetation cover, colonization or predation interactions are
greater for the total study area and spatial arrangement changes for some species.

Habitat selection is a process by which an animal chooses from among alternative
available habitat resources (Johnson, 1980; Litvaitis et al., 1994); it is a hierarchical process
(Hutto, 1985) that can occur at a variety of spatial scales from the macrohabitat to the
microhabitat level (Kotler and Brown, 1988). The importance of the spatial scale in habitat
selection studies has been demonstrated by diverse authors and can directly influence results
and their interpretation (Morris, 1987; Corbalan, 2006).
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4.4 Vegetation indices

We used different vegetation indices to evaluate the effect of each one on the models,
and across the different habitats found in the study area. To the east is the Patagonian steppe,
with low vegetation cover, and to the west the Patagonian forests with abundant coverage.
The NDVI, which is arguably the most used index in remote sensing, has the advantage of
being calculated in a very simple way, while its disadvantages are the low efficiency to
normalize the effect of the soil and its lower sensitivity to the presence of dense vegetation
(Gilabert, 1997; Kinderknecht et al., 2017). We also used the modified soil adjusted
vegetation index (MSAVI) because in areas with sparse vegetation, surface reflectance and
vegetation indices are influenced by exposed soil (Huete, 1988; Qi et al., 1994; Huete et al.,
2002). Probably, for the species that inhabit the steppe (such as E. morgani, E. chinchilloides)
the model with MSAVI could better represent their distributional pattern than the ones with
NDVI, improving the resolution in areas of scarce coverage, and allowing a better
discrimination of small patches of vegetation. For forest-dwelling species, however, NDVI
may be a good option.

It is important to note that the results of the model, regarding the effect of predation,
may be simplified and biased by the fact that we used an indirect proxy for it, in terms of the
role played by vegetation cover, as represented by the vegetation indices. Future versions of
these models may consider the influence of terrestrial predators, such as foxes, cats, grisons
and marsupials, which may be less influenced by vegetation cover compared to aerial
predators. However, habitat suitability in terms of vegetation cover, could be a determining
factor for the population growth of the species most vulnerable to aerial predation (Bisceglia
2014). This author agrees that patches with greater vegetation cover offer shelter, reducing
the risk of predation, and in many cases providing a greater availability of food (Thompson,
1982; Jaksic, 1986; Simonetti, 1989). For an assemblage of Chilean small mammals, all
species showed a clear preference for closed shrubby environments, and a strong response to

simulated predation (Simonetti, 1989).

4.5 Model
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The novel combination of Maxent and Fox’s rule within the same simulation model,
also including vegetation indexes, allows us to discriminate the effect of competition and
predation on the number of occupied patches. There is an important distinction between how
a species would function on its own and how it does in the presence of competitors (Leibold,
1995; Crawley, 1997; Pearson and Dawson, 2003). The fact that competition and predation
influences the distribution of a species was recognized in experiments (Davis et al., 1998).
Predation is a fluctuating biotic interaction, with strong temporary effects and on some
members of the ensemble only (Meserve et al., 2003). In this way, the possibility arises that
rodent populations are regulated not only by a bottom-up mechanism (of availability of
resources), but also by a top-down mechanism (presence of predators) (Bisceglia, 2014;
Meserve et al., 2003).

Members of the same assemblage can respond differently to the same environmental
conditions (Meserve et al., 2003, 2011; Haythornthwaite and Dickman, 2006), coexisting in
the same habitats. The simulation model suggests that predation pressure does not necessarily
change the spatial distribution of the species, but rather regulates the abundance of
individuals and, by maintaining a balance of competing species, mitigates competitive
exclusion and allows coexistence. This means that the absence or presence of a species should
not necessarily be expected due to predation, since the main impact is on relative abundance,
which is invisible on maps and metapopulation models. For this reason, results of the biotic
interaction models generated in this study focused on distribution (and not abundance), and
must be interpreted within the conceptual framework of spatially explicit ecological niche
modeling and metapopulation models. In this context, the role of biotic interactions in the
delimitation of species distribution areas may be somewhat blurred, but this is precisely
because they are distribution models and not abundance models, where results would be
expected most prominent in terms of the role of biotic interactions. It is interesting to note
here that one of the reasons why competition seems to have no influence on the range of
these species, as has been documented for large vertebrates occupying the habitat matrix and
not small patches, may be because in the case of small mammals the process operates at a
microscale in heterogeneous environments. Competition does not influence geographical

distribution, it only influences local spatial arrangement.
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The models resulting from this work provide a first approximation from real data
(i.e., known presence sites of different species living in the study area), including
environmental information from SDMs, and incorporating the influence of biotic
interactions. Following a metapopulation methodology where the species initially inhabit the
patches where their known site of presence is located, with different rules and probability
data, they may or may not colonize a neighboring patch, be predated, or become extirpated.
These models allow studying population dynamics combining information on individual
species traits and habitats, including physical barriers or anthropic effects, with real field
data. We hope this can be a starting point for new models analyzing species populations,
allowing us to predict future scenarios in a changing environment, such as the effect of

climate change.

Conclusions

From the results of this work, the following could be tested in other study sites and

with other species, with a view to looking for general processes and patterns:

e  The predictive power of climatic indicators decreases at the local scale because they
become spatially invariant, becoming irrelevant to explain species dynamics at
smaller spatial scales.

e  Atlocal scales, the composition of species assemblages in heterogeneous patches is
driven by interspecific competition, the mechanism of which follows rules of
coexistence linked to their trophic guild.

e  The smaller the scale, the greater the influence of biotic factors and the intervention
of chance, that is, stochastic processes that escape the patterns that can be
deterministically modeled.

° Species belonging to the same trophic guild are segregated in habitat preference,
minimizing coexistence in the same habitat patch.

° Predation pressure influences the pattern of occupation of patches with different

cover or quality of refuge.
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) A complete distribution model must include the influence of climate in the
conformation of the set of regional species (gamma diversity), and the influence of
biotic interactions in the conformation of the structure of local assemblages (alpha
diversity), which determine the arrangement of microhabitat spatial patches, and
spatial disposition as a surrogate of processes driven by the abundance of species.

e  The most successful species in occupying patches (surrogate of the size of the
geographic range) are the omnivorous and habitat generalists, that is, those that best
avoid competitive interference for resources.

e  We find a notable similarity with the strategy of never fighting to never be defeated,
as stated in the quote from the Aikido sensei that we used at the beginning of the
paper. The energy saved by avoiding fighting can be redistributed into gaining

occupied territory. Can we learn from mice?
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