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Abstract

Invasive rats and mice typically arrive in novel regions through unintentional transportation aboard
ocean-going vessels, which makes seaports the principal point of entry of these species. In this in-
novative study, we modeled the spatial distribution and abundance of two invasive rodent species
(Rattus norvegicus and Mus musculus) in Paranaguá, a port city, in southern Brazil whose origi-
nal vegetation cover was Atlantic Forest. Occupancy and abundance were estimated using live and
pitfall traps during nine field campaigns (4,214 trap.nights) at 18 sampling sites distributed along a
gradient of habitat between the port and the forest. The abundance and occupancy of both species
were affected negatively by the percentage of forest cover within a radius of 1,000 m. The occu-
pancy of M. musculus was also affected by the abundance of buildings within a radius of 100 m and
by the distance to the nearest forest edge. The occupancy of R. norvegicus was related positively to
the proximity of the access roads that link the port of Paranaguá with the rest of the state of Paraná.
We conclude that, while the port is the point of entry for invasive rodents, neither study species was
associated strongly with this area. The study identified the principal elements associated with rat
and mouse occupancy, which provides the local authorities with important insights for the imple-
mentation of an effective invasive species management program in the municipality of Paranaguá.
Overall, the Atlantic Forest reveals a remarkable ecosystem service and appears to act as a natural
barrier to the dispersal of both rats and mice, being associated with a reduced abundance of these
species and low occupancy probabilities.

Introduction
Rats and mice are among the most pervasive of the invasive mammals
found around the world (Lowe et al., 2000). The Norway rat (Rattus
norvegicus), ship rat (Rattus rattus), and house mouse (Mus muscu-
lus) have colonized all continents except Antarctica through accidental
transportation aboard ocean-going vessels (Russell et al., 2008, 2007;
Long, 2003). A global fleet of over 50,000 vessels currently transports
more than 10.7 billion tons of cargo by sea each year (UNCTAD, 2018)
and seaports are not only the focus of international trade, they are also
key points of entry for invasive rodents (Russell et al., 2008; Hulme,
2009). Preventive measures, such as the inspection of docked ships,
can reduce the risk of the introduction of exotic rodents to the area of
the port, but if this fails and a species reaches land, the next step is to
control its establishment and spread, and the potential for this will de-
pend on the physical and biological characteristics of the region (Gren,
2008). The identification of the characteristics of the novel environ-
ment that will determine the capacity of the invasive rodent to occupy
this environment can help to improve control measures in port cities,
and thus minimize the spread of these rodents into the surrounding
area. Several studies have analyzed rat and mouse distribution pat-
terns in different parts of the world (Walker et al., 2019; Traweger et
al., 2006; Lehtonen et al., 2001) and have shown that these invasive
species may present distinct responses to different environmental con-
texts (King et al., 2011). However, the occupancy patterns of these
animals have never been evaluated in a natural Brazilian environment.
Brazil is a megadiverse country that has approximately 9.5% of the

world’s species (Lewinsohn and Prado, 2005). Invasive rodents rep-
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resent a threat to many species around the world, including plants, in-
vertebrates, birds, and mammals (St Clair, 2011; Harris, 2009; Meyer
and Butaud, 2009; Jones et al., 2008; Wanless et al., 2007) but despite
this potential threat, studies of these invasive species in Brazil are still
scarce (e.g., Richardson et al., 2017; Panti-may et al., 2016; Sarmento et
al., 2014). While some, occasional reports of the capture of non-native
rodents in Brazil have been published (e.g., Cherem et al., 2011; Tonini
et al., 2010), few data are available on the occupancy patterns of these
species in complex natural environment, such as the native forests. The
Atlantic Forest covers the whole eastern coast of Brazil and is consid-
ered to be a biodiversity hotspot (Myers et al., 2000). This rainforest is
the first natural environment that most invasive rats and mice will en-
counter after arriving at Brazilian ports, and understanding the degree
of penetration of these rodents into the forest will provide important in-
sights into the threat they pose to native Brazilian species.

In order to understand how the dispersal of invasive rats and mice is
affected by the Atlantic Forest landscape, we evaluated the abundance
and occupancy of the species in relation to the amount of forest cover
and the distance to the forest edge. We also attempted to identify other
factors potentially associated with the abundance and occupancy of rats
and mice in the port city, such as the distance from the quays and the
principal access roads. The findings of the study provide important
insights for the improvement of measures for the control of the dissem-
ination of invasive rodent populations in Paranaguá and, potentially, in
other port cities on the Brazilian coast.
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Figure 1 – Location of the study area in Paranaguá, Paraná state, Brazil. Only the area
where the vessels dock is represented as port. In III, sampling site 10 and 11 are overlapped.

Materials and methods
Study area
The study was conducted in Paranaguá (25°31′ S, 48°30′ W), a sea-
port with a population of 153600 inhabitants and a municipal area of
827 km2, located in the state of Paraná, southern Brazil (Fig. 1). The
city of Paranaguá is surrounded by a continuous tract of Atlantic Forest
(Dense Ombrophilous Forest) and 21.7% of the territory of the munic-
ipality is covered by five protected areas. The port, began as a dock in
1872, and was established officially in 1935. The shipping terminal has
a total area of 425 km2 and is the third most important seaport in Brazil,
shipping primarily solid bulk cargo (32 million tons in 2018), but also
liquid bulk and containers (APPA, 2019; ANTAQ, 2018). Paranaguá
is the most important port in South America for the export of soybean,
soymeal, and corn (ANTAQ, 2018).
To estimate the abundance and occupancy of invasive rodents in

Paranaguá, we selected 18 sampling sites within the municipality along
a gradient of increasing distance from the port in the direction of the
forest. Given its proximity to the urban zone of Paranaguá, the forest
sampling points were located within Palmito State Park (PSP). The PSP
is an integral protection conservation unit, comprising 1782 hectares of
native vegetation composed of dense lowland ombrophilous forest, and
secondary formations with marine or fluvial-marine influence (man-
grove).

Data collection
Data were collected between January 2017 and July 2018 in
nine field campaigns at the 18 sampling points within the study
area. The rodents were collected in five types of live trap,
including three models of Sherman trap (9 cm×9 cm×25 cm;
9.5 cm×9.5 cm×31 cm; 40 cm×21 cm×21 cm) and two models of
Tomahawk trap (18 cm×14.5 cm×35 cm; 13 cm×13 cm×22 cm).
These traps were distributed differently at the sampling points, de-

pending on the spatial configuration of the habitat: (i) at sampling
sites 1 and 12–18, traps were placed at 10 m intervals along line tran-
sects, and (ii) at sampling sites 2–11, the traps were distributed ran-
domly within a mean area of 452m2 (SD=85). As the urban condi-
tions of some sites impeded the daily installation of traps, sampling

effort ranged from 35 to 1069 trap nights per site (Tab. 1). The traps
were baited with a mixture of banana, cornflour, peanut butter, and fish
oil.

Rodents were also collected at two forest sites (17 and 18) using pit-
fall traps. These traps were installed along linear transects, with 10
buckets (60 L) spaced at 10-m intervals. All captured individuals were
processed following the procedures approved byUFPREthics Commit-
tee (CEUA n.1211) and by the Brazilian federal environment agency
(license n.23102-1 SISBIO).

Covariates and associated hypotheses
We used seven covariates to model the abundance and occupancy prob-
ability of the three invasive rodent species considered in the present
study. In order to test our hypothesis that the abundance and occu-
pancy probability of invasive rodents is associated with the forest, we
measured the distance from the forest edge (covariate: edge) and the
percentage of forest cover within a radius of 1000 m of each point (co-
variate: forest). To test whether the port plays a significant role in the
access of rodents to the region, the distance from the port was also
used as a covariate (covariate: port). To test whether dispersal routes
influence rodent occupancy, the distance from the two principal access
roads used by cargo trucks was also determined (covariate: truck), as
was the distance from the nearest road (covariate: road). The abun-
dance of buildings within a radius of 100 m (covariate: building) and
the distance from the nearest building (covariate: building_edge) were
also used to evaluate the degree of association between human agglom-
erations and the study species.

In the case of the forest edge covariate, negative values were at-
tributed to sites located within the forest and positive values to those
located outside the forest. The “nearest forest” referred to any fragment
with an area of at least 5 hectares. To measure the abundance of build-
ings within a radius of 100 m and the distance of the sampling point
from the nearest building, we considered only residences and other
buildings, which are presumed to be occupied by the human popula-
tion. Other infrastructure, such as roads, trucking yards, and vacant
lots, were not counted in this evaluation.

A central point of each area or transect was chosen for the collection
of the data on environmental parameters at each sampling site. All the
covariates were measured using satellite images taken in 2018, avail-
able in the Google Earth Pro software (version 7.3.2.5491). As more
than one type of trap was used to collection the rodents, we included
the size and model of the traps as additional covariate to cover any po-
tential variation in detection rates that may be related to trap type.

Table 1 – Trap e�ort per sampling site. Applied and general environmental context of each
sampling site. LT = Line Transect, RDA = Randomly Distributed in the Area.

Sampling Site Trap Method Trap Effort Context of the Site
1 Live-trap/LT 71 Urban environment
2 Live-trap/RDA 156 Urban environment
3 Live-trap/RDA 45 Urban environment
4 Live-trap/RDA 57 Urban environment
5 Live-trap/RDA 45 Urban environment
6 Live-trap/RDA 121 Urban environment
7 Live-trap/RDA 142 Urban environment
8 Live-trap/RDA 158 Edge
9 Live-trap/RDA 1069 Edge
10 Live-trap/RDA 386 Edge
11 Live-trap/RDA 35 Edge
12 Live-trap/LT 38 Forest
13 Live-trap/LT 253 Forest
14 Live-trap/LT 273 Forest
15 Live-trap/LT 312 Forest
16 Live-trap/LT 351 Forest
17 Pitfall 362 Forest
18 Pitfall 340 Forest

Total 4214
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Table 2 – Royle/Nichols Occupancy Model (Royle and Nichols, 2003). Selection for mean
sampling site abundance (λ ) for both rodent species Mus musculus and Rattus norvegicus
based on AICc values for Paranaguá/PR. AICc = Akaike’s Information Criterion, ∆AICc =
di�erence in AICc relative to the smallest value, AICcw = AICc weight, K = number of
parameters.

Model AICc ∆AICc AICcw K
Mus musculus
λ (forest)r(.) 258.25 0 0.82 3
λ (.)r(.) 263.54 5.29 0.09 2
λ (forest)r(forest) 265.36 7.11 0.02 4
λ (.)r(forest) 269.12 10.87 0.01 3

Rattus norvegicus
λ (forest)r(.) 159.42 0 0.82 3
λ (.)r(.) 164.25 4.83 0.09 2
λ (forest)r(forest) 167.52 8.1 0.02 4
λ (.)r(forest) 169.69 10.27 0.01 3

Data analysis
We performed Moran’s I (Dormann et al., 2007) to verify spatial auto-
correlation. Moran’s I is widely used in ecology, to determine whether
neighboring areas are more similar than expected by chance. Moran’s
I is a correlation coefficient which measures the overall spatial autocor-
relation in the dataset. In other words, it measures the degree to which
a given site is similar to the adjacent sites. If sites are influenced by
their neighbors (attracted or repelled), their data are not considered to
be independent (Dormann et al., 2007). Values ofMoran’s I range from
-1 (indicating perfect dispersion) to +1 (perfect correlation). Moran’s I
was computed using a permutation-based test (99 permutations at a 5%
significance level, using the moran.cp function in the spdep package
of the R platform).
Occupancy modelling accounts for imperfect detection by interpret-

ing a series of detection/non-detection events based on the assumption
that these events are determined by the interaction between the proba-
bility of patch occupancy (Ψ) of a species and its detection probabil-
ity (P) (Mackenzie et al., 2018). A detection event occurs when both
the site was occupied and the species was detected (Ψ×P). A non-
detection occurs because either (i) the species was present but not de-
tected (Ψ× [1−P]), or (ii) the species was not present and therefore,
not detected (1−Ψ) (Mackenzie et al., 2018). The maximum likeli-
hood method, used in this occupancy modeling approach, was consid-
ered to provide the least biased estimates of occupancy and detection
probabilities, based on the evaluation of a series of alternative methods
(Wintle et al., 2004).
We implemented the Royle-Nichols occupancy model in the PRES-

ENCE program (Royle and Nichols, 2003) to estimate the abundance of

both rodent species (Mus musculus andRattus norvegicus). This model
assumes that the heterogeneity in detection among sites is the result of
underlying differences in abundance (Royle and Nichols, 2003). This
analysis estimates an index (λ ) of mean abundance per site, which per-
mits the evaluation of the variation in the abundance of the two species
among the 18 sampling sites. The Royle/Nichols occupancy model as-
sumes that: (i) the number of animals at a site follows a defined spa-
tial distribution, for which λ̂ indicates the mean abundance across all
transects, and (ii) the probability of detecting an animal at each site
is related to the species’ inherent detection probability, r̂, and its total
abundance.

The model proposed by Royle and Nichols (2003) uses the Poisson
distribution as the theoretical distribution to model abundance at the
observed sites, based on the parameters r and λ . The inherent detection
probability, r, varies by species but is constant for all the individuals of

Table 3 – Single-season occupancy and detectability models for Mus musculus and Rattus
norvegicus in Paranaguá, Brazil. Covariates include: distance from forest edge (edge);
distance from truck access (truck); forest cover (forest); distance from the closest road
(road); abundance of human edifications (edification). Ψ = occupancy, p = detection,
∆AICc = di�erence in AICc relative to the smallest value, AICcw = Akaike weight, K =
number of parameters.

Model ∆AICc AICcw K
Mus musculus
Ψ(edification;edge) p(.) 0.00 0.25 4
Ψ(edge;forest) p(.) 1.02 0.23 4
Ψ(edification;edge;forest) p(.) 1.26 0.21 5
Ψ(edge) p(.) 3.69 0.18 3
Ψ(edification;forest) p(.) 6.25 0.08 4
Ψ(.) p(.) 8.17 0.03 2
Ψ(edification) p(.) 10.63 0.01 3
Ψ(edification;edge;forest;road) p(.) 13.45 <0.01 6
Ψ(forest) p(.) 14.25 <0.01 3
Ψ(edification;edge;road) p(.) 14.67 <0.01 5

Rattus norvegicus
Ψ(truck; forest) p(.) 0 0.72 4
Ψ(truck) p(.) 3.69 0.12 3
Ψ(forest) p(.) 5.56 0.08 3
Ψ(truck;road) p(.) 9.25 0.05 4
Ψ(truck;forest;road) p(.) 11.25 0.02 5
Ψ(truck;forest;edification) p(.) 13.65 <0.01 6
Ψ(truck;edification) p(.) 15.25 <0.01 4
Ψ(forest;road) p(.) 15.68 <0.01 4
Ψ(.) p(.) 18.25 <0.01 2
Ψ(truck;forest;road;edification) p(.) 18.36 <0.01 6

Figure 2 – Variation of abundance as function of the best-fit covariate according to Royle/Nichols model. Mus musculus abundance in relation to percentage of forest cover within a
1000 m radius (A); Rattus norvegicus abundance in relation to percentage of forest cover within a 1000 m radius (B).

89



Hystrix, It. J. Mamm. (2020) 31(2): 87–93

Figure 3 – Occupancy probability by Mus musculus according to the best-fit models.
Relation between occupancy and the abundance of human edifications within radius of
100 m (A), relation between occupancy and distance from forest edge (B), negative values
were attributed to sampling sites inside the forest and positive values to those outside of
it; relation between occupancy and percentage of forest cover within radius of 1,000 m
(C).

the same species. With N animals at a site, the probability of observing
one or more animals at a site (and thus demonstrating that the site is oc-
cupied) is p=1−(1−r)N . The distribution of N across sites is assumed
to follow a Poisson distribution with a mean of λ , which is equal to the
variance. The ′ value represents the probability that a site is occupied
and is thus also the probability estimated from the Poisson distribution
that one or more animals occur on the site. The principal assumption of
the Royle-Nichols model is related to the initial assumption, that is, that

the probability of detection of the target species at any site is a function
of the abundance of animals at this site. The probability of detection at
the site can thus be estimated by the formula:

p = 1− (1− r)Ni (1)

where p is the site detection probability, r is the inherent detection
probability, and Ni is the abundance of the species at site i.

We also investigated in how the habitat covariates affected the oc-
cupancy and detectability of each species. For this, single-species,
single-season occupancy models were created for each species using
the unmarked package in the R platform (Fiske and Chandler, 2011).
We classified each campaign as an occasion, totalizing nine occasions,
based on the detection history approach of Mackenzie et al. (2018). We
constructed a set of candidate models for each species, which were se-
lected by a priori hypotheses based on three different approaches: (i)
considering occupancy probability and detectability as constant across
all sites, (ii) considering the variation in occupancy as a function of the
study covariates, and (iii) considering only detectability as a function
of the study covariates. The top models were selected using Akaike’s
Information Criterion adjusted for small sample size (AICc). All the
models with a ∆AICc value of less than 2 were considered to be more
likely to estimate the parameters more reliably (Burnham and Ander-
son, 2002). We also considered the weight (AICcwt) of each model,
that is, the amount of evidence that supports it, to select the best model,
which was used to test the hypotheses.

Results
A total effort of 4214 trap.nights (Tab. 1) rendered 33 captures of Rat-
tus norvegicus, 16 of Mus musculus, and one of Rattus rattus. Due to
the low detection rate of Rattus rattus, this species was excluded from
the analyses. None of the exotic species was captured inside the forest
environment, and we found no spatial autocorrelation in the residuals
(Moran’s I=-0.59). This means that neighbouring sites are not more
similar to each other than expected by chance. Similarly, the type of
trap (model and size) had little influence on the best-fit models for the
description of abundance and occupancy, which eliminates possible
variation in the efficiency of the traps as a potential source of bias.

Royle-Nichols occupancy models
The Royle/Nichols model with the forest cover as a covariate provided
the best explanation for the mean abundance of both rodent species at
the different sites (wi=0.82; Tab. 2). The estimated population size (N̂)
of M. musculus in the study area as a whole was 140±12 individuals
(95% CI=128–152 individuals), while that of R. norvegicus was 82±9
individuals (95% CI=73–91 individuals). The estimated mean abun-
dance of both species was affected negatively by the forest cover, with
λ̂ declining among sites with increasing forest cover with estimate β

values of -1.21 for M. musculus and -1.39 for R. norvegicus (Fig. 2).

Single-species occupancy models
For clarity, we only present the top 10 occupancy models for each
species here, based on the ∆AICc (Tab. 3). Mus musculus was ob-
served at only three of the 18 sampling sites, resulting in a naïve occu-
pancy probability of 0.17. The estimated mean occupancy probability
was 0.51±0.06 and themean detection probability was 0.35±0.03. The
best-fitmodels described the occupancy probability as an additive func-
tion of the site’s abundance of buildings, distance from the forest edge,
and forest cover, with the detection probability as a constant (Tab. 3).

The occupancy of M. musculus was higher at sites with more build-
ings (Ψ decreasing from 0.97±0.03 [mean±SE] to 0±0.02; Fig. 3A)
and at sites closest to the forest edge (Ψ decreasing from 0.89±0.03
to 0±0.04; Fig. 3B). Occupancy was negatively affected by the for-
est cover, with probabilities ranging from Ψ=0.98±0.03 to Ψ=0±0.03
(Fig. 3C). We observed R. norvegicus at 6 of the 18 sampling sites, re-
sulting in a naïve occupancy probability of 0.34. The estimated mean
occupancy probability was 0.42±0.04 and the mean detection proba-
bility was 0.24±0.03. The best-fit model described occupancy prob-
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Figure 4 – Occupancy probability by Rattus norvegicus according to the best-fit models. Relation between occupancy and distance from road used by trucks to access the port (A),
relation between occupancy and percentage of forest cover within radius of 1,000 m (B).

ability as a function of the distance from access roads and the forest
cover. Detection was best modeled as a constant with the covariates
having no effect. Occupancy was higher (Ψ=0.98±0.02) at sites clos-
est to access roads (Fig. 4A) and at sites with the lowest forest cover
(Ψ=0.96±0.03) (Fig. 4B).

Discussion
Occupancy and abundance
The percentage of forest cover was inversely related to the occupancy
rate and abundance of both invasive rodent species. Forest cover ap-
pears to have a strongly negative effect on R. norvegicus, given that its
abundance drops to zero when forest cover reaches 45%. The abun-
dance of M. musculus was less affected, with zero abundance being
reached at a forest cover of 59%. The occupancy probability of both
species was zero when the forest cover within a radius of 1000 m
was 59% or more. Gatto-Almeida et al. (2016) surveyed the mammal
species in a second state park on the southern coast of Paraná, which has
ecological characteristics similar to the present study area (i.e. Atlantic
Forest in close proximity to an urban environment), and also recorded
no invasive species within the forest, including a disused landfill site
located within the reserve, despite a considerable sampling effort, of
6,633 trap.nights.
In Salzburg, Austria, by contrast, Traweger et al. (2006) recorded a

positive association between R. norvegicus and patches of multi-layer
vegetation (undergrowth, shrubs, and trees), and obtained low trapping
success in patches with no vegetation. Similarly, M. musculus has been
recorded amply in the forests of New Zealand, although the species is
more common in disturbed habitats (Walker et al., 2019; King et al.,
1996). Our analysis indicates, however, that a number of factors have a
strong negative influence on the occurrence of the two species in areas
with greater forest cover in the Atlantic Forest domain.
King et al. (2011) proposed that the presence of the red squirrel, Sci-

urus vulgaris, is responsible for the absence of R. rattus from Britain’s
forests, whereas the absence of specialist arboreal rodents in New
Zealand permitted the colonization of its forests by the ship rat. As the
Atlantic Forest has a high diversity of small mammals (Paglia et al.,
2012), interspecific competition may be a primary factor determining
the absence of invasive rodents from the forests of Paranaguá, although
this does not explain why they are so rare in areas near the forest.
One additional factor here is the presence of predators. Rattus

norvegicus has shown to present avoidance behavior toward a num-
ber of different mammals (Yin et al., 2011). In Paranaguá, greater for-
est cover is likely related to the presence of a larger number of poten-
tial predators, which reduce the density of mice and rats, and inhibit
their occupancy. In fact, bone fragments of M. musculus, R. rattus, and
R. norvegicus are commonly identified in the pellets of the Barn Owl

(Tyto furcata) in Brazil (Lemos et al., 2015; Scheibler and Christoff,
2004). Rattus rattus and M. musculus are also known to be among the
prey of the Crab-eating fox, Cerdocyon thous, a small South Ameri-
can canid that is common in forest edges and anthropogenic habitats
(Dotta and Verdade, 2007; Gatti et al., 2006; Pedó et al., 2006). Both
these predator species will hunt in areas adjacent to forests, and may
thus contribute to a reduction in the density of invasive rodents in the
areas surrounding a forest. There are also a number of other potential
predators of rats and mice in the Atlantic Forest, including five native
felines (Paglia et al., 2012) and around 70 birds of prey (ARB, 2019)
that present a potential threat to invasive rodents in the forest habitat.

A second covariate that was associated positively with mice occu-
pancy was the distance from the forest edge. Mice preferred areas
closer to the edge of the forest, with a bell curve distribution that peaked
(Ψ=0.85±0.03) 12m from the edge of the forest, and 12m into the veg-
etation. This does not contradict the findings on forest cover, given that
the covariate “edge of the forest” does not reflect the amount of for-
est but rather, the proximity of natural shelters. Paranaguá has a lot of
small fragments of forest with irregular edges that were considered to
be the closest edge to a sampling site in many cases in the present study,
although these forests were often too small or degraded to have any ma-
jor population of predators. This finding reinforces the hypothesis that
the negative association with forest cover is more closely related to the
presence of predators than the capability of the species to colonize for-
est environments. This also suggests that M. musculus is a potential
bioindicator of edge effects.

The occupancy analysis also indicated that M. musculus preferred
more built-up areas, with more buildings within a 100-m radius. In
contrast with R. norvegicus, which typically nests in underground bur-
rows (Varnham, 2010; Traweger et al., 2006), M. musculus tends to
spend more time in complex, ground-level habitats, or at least in places
with overhead cover in open areas where no ground-level structures are
available (Jensen et al., 2003), the type of cover that may be provided
by either trees or buildings.

The occupancy analysis of R. norvegicus also indicated a positive
association with the access roads. Like ships, trucks can transport rats
accidentally (Sanu and Newport, 2010), and this type of dispersal may
be especially frequent in and around ports, where trucks are constantly
loading cargo and containers that may be infested by rodents brought
from overseas. It is important to here that the distance to any road was
included as a covariate in the analysis, although only the access roads
(highlighted in Fig. 1) presented a significant association. In Paranaguá
there are two main access roads that are used by trucks to reach the
area of the port. Large amounts of grain, in particular soybean and
corn often fall from the backs of trucks onto the roadside along these
routes (Fig. S1), providing rodents with a potentially important feeding
resource.
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Management implications
As shown by King et al. (2011), the results of the present study in-
dicate that rats and mice, which have been able to adapt to most re-
gions around the world, may be relatively less successful at colonizing
some environments, depending on the characteristics of the local habi-
tats and the species they encounter in the region. Understanding how
these invasive species interact with the local environment may be the
key to the development of effective programs of control and eradica-
tion, which reinforces the need for studies of this type in other regions
of the world.
We found that both R. norvegicus and M. musculus had lower

prevalence and abundance in forest proximities, but unfortunately, few
Brazilian cities have large remnants of Atlantic forest in close vicinity
to the urban environment, as observed in Paranaguá. Brazilian envi-
ronmental legislation (federal law n. 12651/2012) requires that any ru-
ral property located within the Atlantic Forest biome maintains at least
20% of its area as native vegetation, although our findings indicate that
even this amount of forest cover would be inadequate to control inva-
sive rodent populations.
Rezende et al. (2018) recently reviewed the remote sensing data on

the vegetation cover of the Brazilian Atlantic Forest and found 28% of
native vegetation cover, in contrast with the 11–16% estimated in previ-
ous studies. This apparent increase in forest cover was due to the iden-
tification of fragments and secondary forests not mapped previously. A
fragmented landscape is probably not as efficient at controlling the dis-
persal of populations of invasive rats and mice, but reinforces the need
for the natural regeneration of the forest cover. If all rural properties
restored their legal debt (20% minimum of native forest cover), the At-
lantic Forest could reach up to 33–35% of its original area (Rezende et
al., 2018), and create a natural barrier to the invasion of exotic rodents
along the Brazilian coast.
Brazil has a considerable species richness of small mammals (Paglia

et al., 2012), and the traditional bait-poisoning method used to control
rat populations (Courchamp et al., 2003) represents a potential threat
to the native species found in contact areas. In this context, the Atlantic
Forest may provide an extremely important ecosystem service that has
been largely overlooked in studies that estimate the value of these ser-
vices (e.g. Groot et al., 2012; Costanza et al., 2014, 1997). Our data
have shown, for the first time, that this tropical forest has a consider-
able negative impact on the occupancy and abundance of two invasive
rodents, and may thus represent a valuable alternative (or complemen-
tary) tool for the control of invasions. Rats cause billions of dollars
of economic losses every year (Pimentel et al., 2000), and their natu-
ral control, by the Atlantic Forest, would be an ecological service of
considerable value, that should be considered systematically in future
valuation studies, and in the development of conservation policies.
Regarding R. norvegicus positive association with the main roads

used by trucks to access the port. This indicates that the areas in the
vicinity of these access roads, where the highest occupancy proba-
bilities were recorded, should be given priority in any measures im-
plemented by the local authorities for the control of rat populations.
As this characteristic of the access roads is unlikely to be exclusive to
Paranaguá, it would be advisable for other port cities to prioritize their
access roads for rodent monitoring and control measures.
Finally, the distance from the quay was not a significant covariate,

which means that the hypothesis of higher occupancy and abundance
nearer to the port, where the rodents arrive, was rejected. If the port is
actually a point of entry for invasive rodents, this finding may reflect
two factors: (i) the new immigrants do not prefer to occupy areas in
the vicinity of the quay, and/or (ii) the control measures adopted in the
area of the port are highly effective (and should thus be extended to the
rest of the city). What we know is that M. musculus and R. norvegicus
are found throughout the city, and even though prevention measures to
minimize the risk of new introductions are important, the results of the
present study indicate emphatically that the competent authorities of
the municipality of Paranaguá should focus on the implementation of
comprehensive and continuous measures for the reduction of the local
population of invasive rodents.

Relatively little South American research has focused on non-native
species (Speziale et al., 2012) and in Brazil, only 15 of the 143 pa-
pers published on this topic between 1999 and 2015 referred to studies
of mammals (Zenni et al., 2016). The present study is the first eval-
uate the abundance and distribution of invasive rodents in a Brazilian
city. The methods adopted in the present study are typically used in re-
search on native mammals, in particular for the definition of population
parameters to support conservation initiatives (Wolff et al., 2019; Fer-
reguetti et al., 2018, 2017; Thorn et al., 2011). The present study was
thus the first time that occupancy modeling has been used to evaluate
the abundance and distribution of invasive rodents in a Brazilian urban
zone.

Conclusion
Paranaguá has a privileged ecological context, in which the city is sur-
rounded by a continuous tract of forest that appears to be confining the
local rat and mouse populations to the urban environment, restricting
the spread of these species beyond the urban zone. In particular, the
present study has shown that rats are found primarily at some distance
from the the forest and close to the main port access roads, which thus
appear to be the priority areas for the implementation of control mea-
sures. The preference of M. musculus for the forest edge reinforces the
need to maintain the integrity of the forest, emphasizing the ecosys-
tem service provided by the Atlantic Forest as a natural barrier to the
populations of these rodents. Further research in the study area should
focus on the identification of the possible contact zones between the ex-
otic and native rodent species found within the study area, and a more
precise definition of the distribution patterns of the populations of the
invasive species, in order to better understand their behavior and further
refine management strategies.

References
ANTAQ, 2018. Estatístico Aquaviário. National Waterway Transportation Agency. http:

//anuario.antaq.gov.br/ (accessed 22 April 2019)
APPA, 2019. História do Porto de Paranguá Adm. dos Portos Parana. e Anton-

ina. http://www.portosdoparana.pr.gov.br/modules/conteudo/conteudo.php?conteudo=
26 (accessed 22 April 2019).

ARB, 2019. Aves de Rapina Mata Atlântica Sul [WWW Document]. Aves Rapina Bras.
URL http://www.avesderapinabrasil.com/lista\_matasul (accessed 24 April 2019).

Burnham K.P., Anderson D.R., 2002. Model selection and inference: a practical
information-theoretic approach. 2nd ed., Springer-Verlag, New York. doi:10.2307/3803117

Cherem J.J., Graipel M.E., Tortato M., Altoff S., Bruggemann F., Matos J., Voltolini J.C.,
Freitas R., Illenseer R., Hoffmann F., Ghrizonui-Jr. I.R., Bevilacqua A., Reinicke R.,
Salvador C.H., Filippini A., Furnari N., Abati K., Moraes M., Moreira T., Oliveira-
Santos L.G.R., Kuhnen V., Maccarini T., Goulart F., Mozerle H., Fantacini F., Dias
D., Penedo-Ferreira R., Vieira B.P., Simões-Lopes P.C., 2011. Mastofauna terrestre do
Parque Estadual da Serra do Tabuleiro, Estado de Santa Cataria, sul do Brasil. Biotemas
24: 73–84. doi:10.5007/2175-7925.2011v24n3p73 [in Portuguese]

Costanza R., d’Arge R., de Groot R., Farber S., Grasso M., Hannon B., Limburg K., Naeem
S., Neill R.V.O., Paruelo J., Raskin R.G., Sutton P., van den Belt M., 1997. The value
of the world’s ecosystem services and natural capital. Nature 387: 1–8.

Costanza R., de Groot R., Sutton P., van der Ploeg S., Anderson S.J., Kubiszewski I., Farber
S., Turner R.K., 2014. Changes in the global value of ecosystem services. Glob. Environ.
Chang. 26: 152–158. doi:10.1016/j.gloenvcha.2014.04.002

Courchamp F., Chapuis J.L., Pascal M., 2003. Mammal invaders on islands: Impact,
control and control impact. Biol. Rev. Camb. Philos. Soc. 78: 347–383. doi:10.1017/
S1464793102006061

Dotta G., Verdade L.M., 2007. Trophic categories in a mammal assemblage: diversity in an
agricultural landscape. Biota Neotrop. 7: 287–292. doi:10.1590/s1676-06032007000200031

DormannC. F., McPherson J.M., AraújoM.B., BivandR., Bolliger J., Carl G., Davies R.G.,
Hirzel A., Jetz W., Kissling W.D., Kühn I., Ohlemüller R., Peres-Neto P.R., Reineking
B., Schröder B., Schurr F.M., Wilson R., 2007. Methods to account for spatial autocor-
relation in the analysis of species distributional data: A review. Ecography 30: 609–628.
doi:10.1111/j.2007.0906-7590.05171.x

Ferreguetti Á.C., Pereira-Ribeiro J., Prevedello J.A., Tomás W.M., Rocha C.F.D., Bergallo
H.G., 2018. One step ahead to predict potential poaching hotspots: Modeling occupancy
and detectability of poachers in a neotropical rainforest. Biol. Conserv. 227: 133–140.
doi:10.1016/j.biocon.2018.09.009

Ferreguetti Á.C., Tomas W.M., Bergallo H.G., 2017. Density, occupancy, and detectability
of lowland tapirs, Tapirus terrestris, in Vale Natural Reserve, southeastern Brazil. J.
Mammal. 98: 114–123. doi:10.1093/jmammal/gyw118

Fiske, I.J., Chandler, R.B., 2011. Unmarked: An R Package for fitting Hierarchical Models
of Wildlife Occurrence and Abundance. J. Stat. Softw. 43: 1–23. doi:10.18637/jss.v043.i10

Gatti A., Bianchi R., Xavier Rosa C.R., Mendes S.L., 2006. Diet of two sympatric carni-
vores, Cerdocyon thous and Procyon cancrivorus, in a restinga area of Espirito Santo
State, Brazil. J. Trop. Ecol. 22: 227–230. doi:10.1017/S0266467405002956

Gatto-Almeida F., Pontes J.S., Sbalqueiro I.J., Hass I., Tiepolo L.M., Quadros J., 2016.
Diversidade, Biogeografia, Caracterização Cariotípica e Tricológica dos pequenos
mamíferos não voadores do Parque Estadual Rio da Onça, Litoral Sul do Paraná. Pa-
péis Avulsos em Zool. 56: 69–96. [in Portuguese]

92



Atlantic Forest as barrier to invasive rodents

Gren I.-M., 2008. Economics of alien invasive species management - Choices of targets
and policies. Boreal Environ. Res. 13: 17–32.

Groot R., Brander L., van der Ploeg S., Costanza R., Bernard F., Braat L., Christie M.,
Crossman N., Ghermandi A., Hein L., Hussain S., Kumar P., McVittie A., Portela R.,
Rodriguez L.C., ten Brink P., van Beukering P., 2012. Global estimates of the value of
ecosystems and their services in monetary units. Ecosyst. Serv. 1: 50–61. doi:10.1016/j.
ecoser.2012.07.005

Harris D.B., 2009. Review of negative effects of introduced rodents on small mammals on
islands. Biol. Invasions 11: 1611–1630. doi:10.1007/s10530-008-9393-0

Hulme P.E., 2009. Trade, transport and trouble: managing invasive species pathways in an
era of globalization. J. Appl. Ecol. 46: 10–18.

Jensen S.P., Gray S.J., Hurst J.L., 2003. How does habitat structure affect activity and use
of space among house mice? Anim. Behav. 66: 239–250. doi:10.1006/anbe.2003.2184

Jones H.P., Tershy B.R., Zavaleta E.S., Croll D.A., Keitt B.S., Finkelstein M.E., Howald
G.R., 2008. Severity of the effects of invasive rats on seabirds: A global review. Conserv.
Biol. 22: 16–26. doi:10.1111/j.1523-1739.2007.00859.x

King A.C.M., Innes J.G., FluxM., KimberleyM.O., Leathwick J.R., 1996. Distribution and
Abundance of small mammals in relation to habitat in Pureora Forest Park. New Zeal.
J. Ecol. 20: 215–240.

King C.M., Foster S., Miller S., 2011. Invasive European rats in Britain and New Zealand:
Same species, different outcomes. J. Zool. 285: 172–179. doi:10.1111/j.1469-7998.2011.
00827.x

Lehtonen J., Mustonen O., Ramiarinjanahary H., Niemela J., Rita H., 2001. Habitat use by
endemic and introduced rodents along a gradient of forest disturbance in Madagascar.
Biodivers. Conserv. 10: 1185–1202.

Lemos H. de M., Silva C.A.O., Patiu F. de M., Gonçalves P.R., 2015. Barn Owl pel-
lets (Aves: Tyto furcata) reveal a higher mammalian richness in the Restinga de Ju-
rubatiba National Park, Southeastern Brazil. Biota Neotrop. 15: 1–9. doi:10.1590/1676-
06032015012114

Lewinsohn T.M., Prado P.I., 2005. Quantas espécies há no Brasil? Megadiversidade 1:
36–42.

Long J.L., 2003. Introduced Mammals of the World - Their History, Distribution and Influ-
ence. CSIRO publishing, Collingwood, Australia.

Lowe S., BrowneM., Boudjelas S., De Poorter M., 2000. 100 of theWorld’s Worst Invasive
Alien Species. A selection from the Global Invasive Species Database. The Invasive
Species Specialist Group (ISSG) a specialist group of the Species Survival Commission
(SSC) of the World Conservation Union (IUCN), New Zealand. doi:10.1614/WT-04-126.1

Mackenzie D.I., Nichols J.D., Royle J.A., Pollock K.H., Bailey L.L., Hines J.E., 2018.
Occupancy estimation and modeling inferring patterns and dynamics of species occur-
rence, 2nd Edition, Elsevier Publishing, NewYork. doi:10.1016/b978-0-12-407197-1.00023-
5

Meyer J.Y., Butaud J.F., 2009. The impacts of rats on the endangered native flora of french
Polynesia (Pacific Islands): Drivers of plant extinction or coup de grâce species? Biol.
Invasions 11: 1569–1585. doi:10.1007/s10530-008-9407-y

Myers N., Mittermeier R., Mittermeier C.G., da Fonseca G., Kent J., 2000. Biodiversity
hotspots for conservation priorities. Nature 403: 853–858. doi:10.1038/35002501

Paglia A.P., Rylands A.B., Herrmann G., Aguiar L.M.S., Chiarello A.G., Leite Y.L.R.,
Costa L.P., Siciliano S., Kierulff M.C.M., Mendes S.L., Tavares V. da C., Mittermeier
R.A., Patton J.L., 2012. Lista Anotada dos Mamíferos do Brasil, 2nd Edition, Conser-
vation International, Belo Horizonte. [in Portuguese]

Panti-may J.A., Carvalho-Pereira T.S.A., Serrano S., Pedra G.G., Taylor J., Petile A.C.,
Minter A., Airam V., Carvalho M., Júnior N.N., Rodrigues G., Reis M.G., Ko A.I.,
Childs J.E., Begon M., Costa F., 2016. A two-year ecological study of Norway rats
(Rattus norvegicus) in a Brazilian urban slum. PLoS One 25: 1–12. doi:10.1371/journal.
pone.0152511

Pedó E., Tomazzoni A.C., Hartz S.M., Christoff A.U., 2006. Diet of crab-eating fox, Cerdo-
cyon thous (Linnaeus)(Carnivora, Canidae), in a suburban area of southern Brazil. Rev.
Bras. Zool. 23: 637–641.

Pimentel D., Lach L., Zuniga R., Morrison D., 2000. Environmental and economic costs
of nonindigenous species in the United States. Bioscience 50: 53–65. doi:10.1641/0006-
3568(2000)050[0053:EAECON]2.3.CO;2

Rezende C.L., Scarano F.R., Assad E.D., Joly C.A., Metzger J.P., Strassburg B.B.N.,
Tabarelli M., Fonseca G.A., Mittermeier R.A., 2018. From hotspot to hopespot: An
opportunity for the Brazilian Atlantic Forest. Perspect. Ecol. Conserv. 16: 208–214.
doi:10.1016/j.pecon.2018.10.002

Richardson J.L., Burak M.K., Hernandez C., Shirvell J.M., Mariani C., Pertile A.C.,
Gabriel J.A.P., Soledad G.P., Taylor J., Carvalho M., Rodrigues G., Costa F., Childs

J.E., Ko A.I., Caccone A., 2017. Using fine-scale spatial genetics of Norway rats to im-
prove control efforts and reduce leptospirosis risk in urban slum environments. Evol.
Appl. 10: 323–337. doi:10.1111/eva.12449

Royle J., Nichols J., 2003. Estimating Abundance from Repeated Presence-Absence Data
or Point Counts. Ecol. Soc. Am. 84: 777–790.

Russell J.C., Beaven B.M., Mackay J.W.B., Towns D.R., Clout M.N., 2008. Testing island
biosecurity systems for invasive rats. Wildl. Res. 35: 215–221. doi:10.1071/WR07032

Russell J.C., Clout M.N., Towns D.R., 2007. Early detection and eradication of invading
rats. In: Witmer G.W., Pitt W.C., Fagerstone A.K. (Eds.) Managing Vertebrate Invasive
Species. USDA National Wildlife Research Center Symposia, Fort Collins, Colorado,
268–272.

Sanu P.V, Newport J.K., 2010. Invasive alien species dispersal: The millennium biodiver-
sity disaster. Disaster Prev. Manag. An Int. J. 19: 291–297. doi:10.1108/09653561011052475

Sarmento R., Brito D., Ladle R.J., Leal G.R., Efe M.A., 2014. Invasive house (Rattus rat-
tus) and brown rats (Rattus norvegicus) threaten the viability of red-billed tropicbird
(Phaethon aethereus) in Abrolhos National, Brazil. Trop. Conserv. Sci. 7: 614–627.
doi:10.1177/194008291400700403

Scheibler D.R., Christoff A.U., 2004. Small mammals in the diet of Barn Owls (Tyto alba)
in agroecosystems of Southern Brazil. Ornitol. Neotrop. 15: 65–70.

Speziale K.L., Lambertucci S.A., Carrete M., Tella J.L., 2012. Dealing with non-native
species: What makes the difference in South America? Biol. Invasions 14: 1609–1621.
doi:10.1007/s10530-011-0162-0

St Clair J.J.H., 2011. The impacts of invasive rodents on island invertebrates. Biol. Conserv.
144: 68–81. doi:10.1016/j.biocon.2010.10.006

Thorn M., Green M., Bateman P.W., Waite S., Scott D.M., 2011. Brown hyaenas on roads:
Estimating carnivore occupancy and abundance using spatially auto-correlated sign sur-
vey replicates. Biol. Conserv. 144: 1799–1807. doi:10.1016/j.biocon.2011.03.009

Tonini J.F.R., Carão L. de M., Pinto I. de S., Gasparini J.L., Leite Y.L.R., Costa L.P., 2010.
Non-volant tetrapods from Reserva Biológica de Duas Bocas, State of Espírito Santo,
Southeastern Brazil. Biota Neotrop. 10: 339–351. doi:10.1590/S1676-06032010000300032

Traweger D., Travnitzky R., Moser C., Walzer C., Bernatzky G., 2006. Habitat prefer-
ences and distribution of the brown rat (Rattus norvegicus Berk.) in the city of Salzburg
(Austria): implications for an urban rat management. J. Pest Sci. 79: 113–125. doi:
10.1007/s10340-006-0123-z

UNCTAD, 2018. Handbook of Statistics 2018. United Nations Publications, New York.
Varnham K., 2010. Invasive rats on tropical islands: their history, ecology, impacts and

eradication. Royal Society for the Protection of Birds, Sandy, Bedfordshire, UK.
Walker S., Kemp J.R., Elliott G.P., Mosen C.C., Innes J.G., 2019. Spatial patterns and

drivers of invasive rodent dynamics in New Zealand forests. Biol. Invasions. 21: 1627–
1642. doi:10.1007/s10530-019-01922-0

Wanless R.M., Angel A., Cuthbert R.J., Hilton G.M., Ryan P.G., 2007. Can predation by
invasive mice drive seabird extinctions? Biol. Lett. 3: 241–244. doi:10.1098/rsbl.2007.
0120

Wintle B.A., Mccarthy M.A., Parris K.M., Burgman M.A., 2004. Precision and Bias of
Methods for Estimating Point Survey Detection Probabilities. Ecol. Appl. 14: 703–712.

Wolff N.M., Ferreguetti Á.C., Tomas W.M., Bergallo H.G., 2019. Can we use body size
and road characteristics to anticipate barrier effects of roads in mammals? A Search and
selection of studies for meta-analysis. Hystrix 30(1): 1–7. doi:10.4404/hystrix-00185-2019

Yin B., Fan H., Li S., Hegab I., Lu G., Wei W., 2011. Behavioral response of Norway rats
(Rattus norvegicus) to odors of different mammalian species. J. Pest Sci. 84: 265–272.
doi:10.1007/s10340-011-0351-8

Zenni R.D., Dechoum M.D.S., Ziller S.R., 2016. Dez anos do informe brasileiro sobre
espécies exóticas invasoras: avanços, lacunas e direções futuras. Biotemas 29: 133–
153. [in Portuguese]

Associate Editor: S. Gasperini

Supplemental information
Additional Supplemental Information may be found in the online version of this arti-
cle:
Figure S1 Fallen grains along one of the main roads used by trucks to access

port area.

93


