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Abstract

We carried out a six-year study aimed at evaluating if and how a Brazilian Atlantic Forest small mammal community
responded to the presence of the invasive exotic species Artocarpus heterophyllus, the jackfruit tree. In the surroundings
of Vila Dois Rios, [lha Grande, RJ, 18 grids were established, 10 where the jackfruit tree was present and eight were
it was absent. Previous results indicated that the composition and abundance of this small mammal community were
altered by the presence and density of A. heterophyllus. One observed effect was the increased population size of the
spiny-rat Trinomys dimidiatus within the grids where the jackfruit trees were present. Therefore we decided to create a
mathematical model for this species, based on the Verhulst-Pearl logistic equation. Our objectives were 1) to calculate
the carrying capacity K based on real data of the involved species and the environment; ii) propose and evaluate a
mathematical model to estimate the population size of 7. dimidiatus based on the monthly seed production of jackfruit
tree, Artocarpus heterophyllus and iii) determinate the minimum jackfruit tree seed production to maintain at least two
T. dimidiatus individuals in one study grid. Our results indicated that the predicted values by the model for the carrying
capacity K were significantly correlated with real data. The best fit was found considering 20~35% energy transfer
efficiency between trophic levels. Within the scope of assumed premises, our model showed itself to be an adequate
simulator for Trinomys dimidiatus populations where the invasive jackfruit tree is present.

Keywords: ecological modeling, exotic species, Brazilian Atlantic Rainforest, jackfruit tree seed production, Verhulst-
Pearl logistic equation.

Sobre ratos e jaqueiras: modelando a capacidade suporte de uma populacio
do rato-de-espinho da Mata Atlantica Trinomys dimidiatus (Giinther,
1877) — Rodentia, Echimyidae — em relagao a diferentes abundancias

de jaqueiras (Artocarpus heterophyllus L.)

Resumo

Realizamos um estudo de seis anos para avaliar se ¢ como uma comunidade de pequenos mamiferos terrestres da
Mata Atlantica respondia a presenca da jaqueira Artocarpus heterophyllus, espécie possivelmente nativa da india. Nos
arredores da Vila Dois Rios, Ilha Grande, RJ, nos estabelecemos 18 grades de estudo, sendo 10 com jaqueiras e oito sem
jaqueiras. Resultados prévios indicaram que a composicdo e a abundancia dessa comunidade de pequenos mamiferos
foram alteradas pela presenca e densidade de 4. heterophyllus. Um dos efeitos observados foi o aumento das populacdes
do rato-de-espinho Trinomys dimidiatus nas grades onde a jaqueira estava presente. Criamos um modelo matematico
para prever a capacidade de suporte dessa espécie, baseado na equagao logistica de Verhulst-Pearl. Nossos objetivos
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foram 1) calcular a capacidade de suporte K com base em dados reais coletados tanto para 7. dimidiatus quanto de seu
ambiente; ii) propor e avaliar um modelo matematico para estimar o tamanho populacional de 7. dimidiatu baseado
na produgdo mensal de sementes de jaqueira e iii) determinar a producdo minima de sementes de jaqueira necessaria
para manter pelo menos dois individuos de 7. dimidiatus. Nossos resultados indicaram que os valores previstos para
K gerados pelo modelo foram significativamente correlacionados com os dados reais coletados. O melhor ajuste foi
obtido considerando uma eficiéncia de transferéncia de energia entre niveis troficos entre 20 e 35%. Dentro do escopo
das premissas assumidas, nosso modelo se mostrou um simulador adequado para populagdes de T. dimidiatus em areas

onde a jaqueira ja tenha invadido.

Palavras-chave: modelagem ecoldgica, espécies exoticas invasoras, Mata Atlantica brasileira, produgdo de sementes

de jaqueira, equagao logistica.

1. Introduction

Biological invasions are one of the major causes for
human-mediated biodiversity loss, along with habitat loss
and species over-exploitation (Phillips, 1997; Williamson
1999). The invasion process, however, is not simple
- and normally not easy - for introduced species, and
only a minority of species actually becomes established
(Williamson and Fitter, 1996; Colautti and Maclsaac,
2004; Pysek and Richardson, 2010). Those that do
become invasive, however, may cause severe changes in
their new habitats. The impairment of native community
dynamics may result in biodiversity loss (Mooney and
Cleland, 2001; Aizen et al., 2008; Vila et al., 2011) and
biotic homogenization (McKinney and Lockwood, 1999),
which in turn may facilitate new invasions (Simberloff and
Von Holle, 1999; Prenter et al., 2004). This may be the
case of the jackfruit tree, Artocarpus heterophyllus Lam.
(Moraceae), in the Brazilian Atlantic Forest.

In order to understand how the presence of Artocarpus
heterophyllus may disrupt the dynamics of Atlantic
Rainforest communities, the Mammal Ecology Laboratory
of Universidade do Estado do Rio de Janeiro has been
monitoring a small mammal community in a Southeastern
Brazilian Atlantic Forest since 2006. The data gathered
showed that the small mammal community is indeed
affected by the presence and abundance of the jackfruit
tree, with frugivore species seemingly benefiting from it
(Raices et al., in preparation). One example of this effect
is the population increment of the Brazilian Atlantic
Forest spiny-rat Trinomys dimidiatus in areas where
A. heterophyllus is present (Raices et al., in preparation).
It is important to be able to estimate the extent of this
population increment in areas already invaded, because
herbivores play important roles in forest regeneration and
seed dispersal dynamics. However, as Asquith et al. (1997)
showed, these effects are directly related to herbivore
density. In their study on Panamanian Moist forests, in the
absence of top chain predators, granivore density increases,
negatively affecting seedling recruitment. Therefore, in
order to generate a rough estimate of how A. heterophyllus
may be influencing Trinomys dimidiatus in areas already
invaded by 4. heterophyllus, we decided to test a simple
model, based on the logistic growth equation.

Although the usage of the logistic growth equation
is widely disseminated in ecology, the definition of what
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actually is carrying capacity is still somewhat dubious.
Carrying capacity is, in essence, the limiting factor which
controls the maximum density. Therefore, independent
of the adopted definition, it should always be viewed as
a result of the interaction of the characteristics of both
the environment and the species being studied. One
consequence of this view is that, when the limiting factor
is a consumable resource, e.g. available water, carrying
capacity is related to both the metabolism of the studied
species and the total production of that habitat.

In 1925, the geographer Albrecht Penck (apud Cohen,
1995) considered similar statements trying to estimate the
carrying capacity of human population with the formula
presented in Equation 1:

food supply

Population that can be fed = —— -
individual food requirement

However, according to Cohen (1995), when trying to
estimate the maximum human population, it is necessary
to take into account that human feeding habits are not
based in alimentary items freely found in nature anymore.
Factors such as available area for food production, the
need water for that production, what may, culturally, be
classified as food and even technological improvements
to increase production must be considered. However, for
species with limited capacity for changing the surrounding
environment, we believe that Penck’s formula may be
used to assess the carrying capacity K. It is important to
note that, by applying Penck’s formula, the ecological
parameters included in the model are kept at minimum
level. Our model disregards several variables that, in
the real world, may have different levels of influence
on population and community structure and dynamics.
However, here we will show that for Trinomys dimidiatus
present in areas invaded by Artocarpus heterophyllus,
the jackfruit tree seed production is a major estimator for
possible population increase.

Therefore, the objectives of the present study were
to 1) calculate the carrying capacity K based on real data
of the characteristics of the particular species and its
environment; ii) propose and evaluate a mathematical
model to estimate the population of 7" dimidiatus based on
the monthly seed production of jackfruit tree, Artocarpus
heterophyllus and iii) determinate the minimum jackfruit
tree seed production to maintain at least two 7. dimidiatus
individuals in one study grid.
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2. Material and Methods
2.1. Study site

The study area is located in the surroundings of Vila
Dois Rios, on the oceanic side of Ilha Grande (23° 05’ —
23°15°S;44° 05°—44° 23° W), which is an island located
in the southeastern coast of Rio de Janeiro state, Brazil.
Ilha Grande has an area of 19300 ha and mean annual
precipitation ranging from 1515 mm to 2200 mm with
no month with a deficit of evaporation over precipitation
(Esbérard et al., 2006). More than 50% of its territory
is covered by Dense Rainforest formations, in different
successional stages (Oliveira, 2002). It can also be found
secondary forests, rocky herbaceous vegetation, Restinga
vegetation and Mangroves (Alho et al., 2002). The human
presence at Ilha Grande is ancient (ca 3000 years, Oliveira,
2002). It experienced most Brazilian economic cycles, such
as the selective removal of Brazil wood — Caesalpinia
echinata L. — on the arrival of European settlers in early
XVI century (Esbérard et al., 2006), and sugarcane and
coffee plantations in middle XVIII century (Oliveira,
2002). According to Alho et al. (2002), Ilha Grande was
also an important slave trade entry port. It was only in the
late 1970s that farms were disabled, concomitantly with
the establishment of Ilha Grande State Park.

2.2. Data gathering

The data related to the modeled species — Artocarpus
heterophyllus and Trinomys dimidiatus — was collected
from July 2006 to October 2009. In July 2006, 18 grids,
each 40 x 40 m, were established in the surroundings of
Vila Dois Rios, 10 where the jackfruit tree was present and
eight where it was absent. Each grid was identified with a
two letter code: the first letter defined if the A. heterophyllus
was present (“C” grids) or absent (“S” grids), and the
second letter identified the grid (i.e. CA stands for the first
grid where A. heterophyllus is present, while SH is the last
grid where it was absent). Each grid was trapped every
two months with 11 live capture traps. The bait used was
always banana. Each captured individual was ear-tagged
with a unique code number in order to avoid counting the
same individual twice in the same field campaign.

2.3. Studied species

The jackfruit tree (Artocarpus heterophyllus L.) is
possibly indigenous to the rainforests of India (Zerega et al.,
2005; Shyamalamma et al., 2008), being found throughout
southeastern Asia, although this distribution may be
partially due to intentional plantation (Rahman et al., 1995;
Zerega et al., 2004). In Brazil, however, A. heterophyllus
was introduced during Brazilian colonial times, circa XIX
century (Abreu and Rodrigues, 2010).

The jackfruit tree is a shade tolerant species, although it
needs fair amounts of light during its early life stages (Khan,
2004). It bears fruits almost year round, with a peak between
July and August in its native range and between October
and March in Atlantic Rainforest (Abreu and Rodrigues,
2010; D.S.L. Raices, personal communication). An adult
individual may produce about 100 fruits per year, each
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fruit weighing up to 30 kilograms. Currently, the jackfruit
tree can be found in almost all Brazilian territory, and is
commonly associated with human-influenced environments.
In Rio de Janeiro state, Artocarpus heterophyllus forms
dense colonies in forest edges and clearings of Atlantic
Rainforest, and is easily found in some protected areas
such as Tijuca National Park (Abreu and Rodrigues, 2010)
and Ilha Grande State Park.

According to Khan (2004), mammals, such as
rodents, wild pigs and primates, are the main dispersers of
A. heterophyllus in India, although its seeds are subjected
to relatively high levels of predation (Sodhi et al., 2003).
In Brazil, there are at least 701 mammalian species,
distributed among 12 orders (Paglia et al., 2012). Following
worldwide patterns, the most diversified subgroup are the
so-called small mammals (Fonseca, 1989; Pardini and
Umetsu, 2006), which are defined as weighing less than
3 kg (Prevedello et al., 2008). Most Brazilian non-volant
small mammals are in Didelphimorphia (Marsupialia) and
Rodentia (Eutheria).

Because of their high species richness, relatively high
densities and wide variety of habits (Prevedello et al., 2008),
small mammals are commonly considered good models for
understanding ecological patterns of endemism (Ceballos
and Brown, 1995; Bonvicino et al., 2002) and macroecology
(Vieira and Diniz-filho, 2000), and for understanding the
dynamics of communities (Carvalho et al., 1999; Castro
and Fernandez, 2004; Ribeiro and Marinho-Filho, 2005),
processes of zoonosis transmission (Lemos et al., 2004;
Pinto et al., 2009), seed dispersal and forest regeneration
(Pardini et al., 2005; Jordano et al., 2006). The last are
particularly important processes for tropical forests,
since it is estimated that in these environments, about
50% to 90% of tree species are dispersed by animals
(Jordano et al., 2006).

The Brazilian Atlantic forest spiny-rat Trinomys
dimidiatus (Glinther, 1877) has terrestrial habits, a body
length ranging from 180 to 220 mm, tail length ranging
from 150 to 195 mm and body mass between 180 and 227
g (Bonvicino et al., 2008). According to Vieira et al. (2003)
congener species 7. iheringi was observed consuming seeds
and fruits regardless of their sizes. Our own data indicate
that the diet of 7. dimidiatus is similar to that observed
for 7. iheringi. The mean abundance of 7. dimidiatus in
each area was calculated as the total number of captures
divided for the total amount of field campaigns.

2.4. Calculating the carrying capacity

The carrying capacity K was assessed with Equation 1.
In the present study “food supply” equates to the monthly
amount of seed produced in each grid, while “individual
food requirement” is the daily amount of jackfruit tree
seeds consumed by one 7. dimidiatus individual.

In order to use this equation, some premises were
assumed:

i) Each grid is absolutely isolated from the others;

ii) Each grid has its own population, where migration
is not allowed;
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iii) T dimidiatus population is not affected by any
environmental variable other than resource
fluctuation;

iv) The only available resource in the grids where
A. heterophyllus is present is jackfruit tree seeds;

v) Any individual that does not consume resources,
will necessarily die;

vi) The fruit and seed production are constant, and
equal to the annual mean production, equally
distributed among 12 months. Therefore, it is not
affected by T. dimidiatus density.

The three first premises were assumed in order to make
our modeled population match the “closed population”
definition given by Seber (1973). This is necessary not
only to limit the active environmental variables in our
model — this being the seed production — but also to match
our modeled population to the real population. Premise
number v was assumed in order to match “population that
can be fed” to the carrying capacity K. It is also important
to highlight that “individual food requirement” is a directly
proportional response to the individual energy expenditure.
Thus, “individual food requirement” may be assumed to be
a function of individual metabolism and therefore may be
directly calculated from the species metabolic rates. In this
work we decided to use the basal metabolic rate (BMR).

The BMR for Trinomys dimidiatus was assessed via a
linear approximation based on available data in the literature
for Rattus rattus (Forsum et al., 1981), since mean body
mass of both species is similar. The allometric exponent
used by Forsum et al. (1981) was %a.

It is also important to note that if we do not consider
the energy transfer efficiency between trophic levels, one
would have to assume that this value oscillates near 99%.
Although there are few studies comparing the energy transfer
efficiency in terrestrial environments, Pauly and Christensen
(1995) estimated the mean efficiency at 10,13% in aquatic
environments. Thus, in our model we assumed a scenario
where only 10% of the total energy stored in the jackfruit
tree seeds would be promptly available. The amount of
calories present in the seeds was estimated based on the
values provided in the 4™ edition of the Brazilian Table of
Food Composition for a portion of 100g of raw jackfruit
— 88kCal (368kJ) — Tabela Brasileira de Composicao de
Alimentos (NEPA, 2011). Since each jackfruit carries
a minimum of 100 seeds (pers. obs.), the jackfruit tree
minimum seed production was calculated as 100 times
the mean monthly fruit production for each grid.

2.5. Mathematical model

As the basis of our model, we assumed a logistic
growth for Trinomys dimidiatus, following Verhulst-Pearl’s
equation (Equation 2):

N =1N (1 - ﬁ) 2
dt K

Where dN/dt is the population growth, r is the intrinsic
growth rate; N is the population size and K environmental
carrying capacity. Following the values found by Bergallo
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(1995) for the congener species 1. iheringi, we established
an initial population of N, = 0.85 individuals for all grids.
The intrinsic growth rate was obtained in literature for
congener species 7. iheringi and T. eliasi. Bergallo (1996)
calculated the intrinsic growth rate for 7. iheringi in Ilha
do Cardoso as r = 0.22 per month, using the body mass
formula proposed by Caughley and Krebs (1983), while
Brito and Figueiredo (2003) obtained a similar value for
T. eliasi (r = 0.287 per month) in Barra de Marica, using
the software Vortex 8.21%. To evaluate if and how much
the values generated by the model approach the actual
field data, we tested Pearson’s correlation coefficient with
Bonferroni’s probability. All statistical tests were made in
Systat 11¢. Figures 1 and 2 were made in Systat 11° and
Figure 3 was made in Excel 2007°®.
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Figure 1. ANOVA between r=0.22 and r=0.287. The needed
time for the Trinomys dimidiatus populations to reach K,
assuming r=0.22 and r=0.287, were statistically different
(p=0.002).

Modeled K

0 Ty 1 Ty 1 O T 1 20 1 1 1 ]
00 05 10 15 20 25 30 35

Mean abundance

Figure 2. The population size values projected by the
proposed model were statistically correlated with actual
values (r=0.596, p=0.009, Pearson’s coefficient). The areas
with jackfruit trees are represented by red dots and the areas
without jackfruit trees by blue dots.
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Figure 3. Population size in each grid, for both field-gathered and modeled data. The mean population size for Tirynomys
dimidiatus (red continuous line) varied between 3 and 0.11 individuals. The carrying capacity K for 10% energy transfer
efficiency (continuous black line) varied between 0.97 and zero, between 1.94 and zero for 20% energy transfer efficiency

(dotted line) and between 3.39 and zero for 35% energy transfer efficiency (dashed line). Areas initiated by “c

TRt

indicate areas

with jackfruit trees, while areas initiated with “s” indicate areas without jackfruit trees.

3. Results

The number of adult jackfruit trees varied between 5
and 48 individuals per grid. Consequently, the calculated
seed production varied between 472 and 1590 seed/
month. Since the mean mass of a jackfruit tree seed in
the surroundings of Vila Dois Rios was 2.5g (= 0.616 g,
N=100), the amount of energy contained in one seed was
calculated as 2.2kCal (9.21KkJ).

For Rattus rattus, Forsum et al. (1981) found a BMR of
80,8 kJ (+3.8 kJ)/22 h in animals with a mean body mass
of 337 g (£8 g). Thus, the BMR for Trinomys dimidiatus
with a mean body mass of 217 g (£32.38 g) was 12.03
kCal/day (50.35 kJ/day).

In order to evaluate the time needed for the populations
to stabilize, we tested the values of intrinsic growth rate
observed by Bergallo (1995) for T. iheringi (r=0.22) and
Brito and Figueiredo (2003) for T eliasi (r=0.287). For r
=0.22, the mean needed time for all the populations reach
K in all areas was 33.2+6.2 months, while for r=0.287 this
time was 21.6+7.9 months. This difference was statistically
significant (p=0.002) (see Figure 1). This analysis was done
only with the areas where the jackfruit trees were present.

The higher value for the mean abundance of 7. dimidiatus
was 3 individuals in a grid with jackfruit trees (CF) and the
lowest value was 0.11 in a grid without jackftuit trees (SC).
The projected values for the carrying capacity K varied
between 0.97 (in the grid with jackfruit trees CC) and zero
in all grids without jackfruit trees, considering 10% energy
transfer efficiency K. However these values underestimated
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the real data values and a better adjustment of the model
was found between 20~35% energy transfer efficiency
(see Figure 3). The projected values for K and real data
gathered for the studied population of 7. dimidiatus were
significantly correlated (r=0.596, p=0.009, see Figure 2).
The values generated by the model for the mathematical
manipulation of jackfruit tree seeds showed that the minimum
seed production needed in order to maintain a population
of at least two individuals of 7. dimidiatus is approximately
3300 seeds/month. In terms of fruit production, this value
corresponds to 33 jackfruits/month. Considering the mean
jackfruit monthly production in our area of study, the
presence of 3.97 adult individuals would be sufficient to
maintain those two 7. dimidiatus individuals.

4. Discussion

Our data indicated that, within the universe generated
by our assumed premises, our model adequately predicted
the maximum abundance of the studied Trinomys dimidiatus
population. The values estimated by the model for the
carrying capacity K of our studied grids were significantly
correlated with this species” observed densities. This shows
that the predicted variations on the density of 7. dimidiatus
occur in a similar fashion of those observed in the real
data, even though the matching between the real data and
the modeled data is not perfect.

The observed differences between actual data and the
data provided by the model arise from the assumptions
made during the construction of the model. We believe to
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be interesting and instructive to make some considerations
about it. First, although our own data indicate that
T. dimidiatus has some territorial tendencies, as observed
by Bergallo (1995) for T. iheringi females, there are no
physical barriers that would actually prevent migration
from a grid to an adjacent grid. This is especially true for
young and sub-adults individuals that are not residents
within the grids (Bergallo, 1995). Second, we estimated
the BMR of T. dimidiatus as a linear approximation, based
on the data of Forsum et al. (1981) for Rattus rattus. 1t is
important to consider that, although the mean body mass
of T dimidiatus and R. rattus is close, some studies suggest
that feeding habits may have a significant influence on
mammalian BMR (McNab, 1986; Bozinovic et al., 2007).
Finally, 10% trophic level energy transfer efficiency did not
provide a good fit between the model and the real data. A
better fit was found between 20 and 35% energy transfer
efficiency, which is a remarkably high value for transfer
efficiency when compared with literature (e.g. Pauly and
Christensen, 1995; Ernest et al., 2003). However, it must
be noted that most studies which examine energy transfer
efficiencies do so in aquatic environments and the canonical
10% value may not necessarily apply (Slobodkin, 2001).

Taking these in consideration, our model describes
reasonably well the studied population, in Atlantic forest
areas where the jackfruit tree is present. This raises the
possibility of using our model as a base for estimating
the benefits and impacts of the invasive Artocarpus
heterophyllus in other areas. Even if 4. heterophyllus brings
benefits to T. dimidiatus, the same cannot be said for all
the small mammal species present. This is particularly true
for insectivore species such as the rodent Oxymycterus
dasytrichus, which has its abundances reduced in areas
where the jackfruit tree is present (unpublished data). As
for future refinements, still disregarding stomach content
analysis as a viable option, it may be possible to estimate
the food production by using the proportion of each
alimentary item found in the feces.
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