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Abstract

Seaports are introduction hotspots for invasive alien species (IAS). This is especially true for rodents, which have accompa-
nied humans around the globe since the earliest days of ocean-going voyages. The rapid spread of IAS soon after arrival in a
new environment is facilitated by further human-mediated transport or landscape features, like roads. By measuring genetic
diversity and structure to investigate dispersal pathways, we gained insight into the transport, spread and establishment
stages of a biological invasion, leveraging the most common rodent species (R. norvegicus) in this setting. We characterized
the genetic structure of three Norway rat populations along a busy industrial road used by trucks to access the Port area in
Paranagua city (Brazil). A total of 71 rats were genotyped using 11 microsatellite markers. The results revealed a pattern of
gene flow contrary to the expected stepping-stone model along the linear transect, with the two furthest apart populations
being clustered together. We hypothesize that the observed outcome is explained by natural dispersal along the corridor
being lower than human-mediated transport. The sampled area furthest from the port is a gas station frequented by trucks
which are considered the most likely mode of transportation. In terms of management strategies, we suggest more emphasis
should be put on cargo surveillance to lower the risk of Norway rat dispersal, not only for biosecurity, but also for sanitary
reasons, as this port is a major grain trading point.
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Introduction

Biological invasions are a serious threat to biodiversity
around the world, causing not only disturbances to ecosys-
tems, but also threats to human health and negative impacts
on agriculture (Myers et al. 2000; Miller et al. 2016). By
definition, invasions occur when species are intentionally
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or accidentally introduced outside of their native or his-
toric range, and successfully spread in the new environment
(Levine 2008).

Rodents, especially from the genus Rattfus, are commensal
species considered to be the most widely introduced verte-
brates, accompanying humans around the globe (Drake and
Hunt 2009). Their occurrence often has a dramatic impact on
native biodiversity, affecting individual demographic rates,
genetic (through hybridization), trophic structure and/or
resources availability (Parker et al. 1999), and they are caus-
ing massive economic loss because of destruction of grains
and stocked materials (Pimentel et al. 2000). Rodents are
also known for their role in facilitation of the transmission
of numerous diseases to humans (Himsworth et al. 2013).
These animals are particularly problematic because of their
high reproductive rate, the capability of exploiting a wide
range of food sources, survival in vastly different ecological
conditions and ability to travel long distances unnoticed,
utilising existing transportation infrastructure and shipping
routes (Varnham 2010).
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Seaports are considered introduction epicentres for inva-
sive alien species (IAS) (Drake and Lodge 2004; Miller et al.
2016). It is therefore crucial that ports implement surveil-
lance measures, such as containment facilities and the use of
biocontrol agents, chemicals (toxins) or mechanical devices
(traps), to control, and prevent the establishment and spread
of alien species in a new environment (Lodge et al. 2006;
Gren 2008).

Paranagua is a seaport city located in Parana state and is
home to the main port of Southern Brazil. The port of Para-
nagua is the second largest port in export of grains, fruits,
and seeds in Brazil handling 13% of the national cargo and
it is the third-largest port in cereal shipment (i.e. considering
the volume imported and exported) (11.3% of the national
cargo) (ANTAQ 2020). Because of the high volumes of food
being handled and the resulting abundance of food sources
for pest species, Paranagua has long dealt with pest infesta-
tions. The port has implemented a vector proliferation con-
trol program that aims to reduce and control pigeon, rat, and
mice populations by using poison bait and bird repellent.
In addition, to reduce the food availability for pest species,
cleaning procedures are in place to remove spilled grains
in the primary area of loading/unloading and surroundings
(APPA 2016). There is no information about how effective
these measures are in terms of avoid spreading of these pests
to the city.

Previous studies made in urban environment show that
Rattus norvergicus present strong site fidelity and indi-
vidual movements are usually limited to 30-150 m. Also,
dispersal from their natal site seems to occur over short dis-
tances (Gardner-Santana et al. 2009; Byers et al. 2019). If
that applies to the rat population in Paranagu, the control
measures implemented in the Port should be enough to avoid
spread of new immigrants that arrive in the port. If an IAS
manages to pass through the implemented control measures
after its arrival in the new environment, linear features in the
landscape, like roads, railways, and canals can facilitate its
spread and colonization (Brown et al. 2006; Cameron and
Bayne 2009). In Paranagué a sampling collection through
the city revealed a positive association of Norway rats (Rat-
tus norvegicus) with the main roads used by trucks to access
the Port area (Gatto-Almeida et al. 2020a). In this study we
aimed to evaluate how effective are the control measures
implemented by Paranagua’s port to prevent rats spread
from the port. For this purpose, we genetically characterize
three R. norvegicus putative populations along the main road
used by trucks in Paranagud i.e. a linear feature that may be
facilitating their spread, to understand possible migrations
and gene flow that might be occuring. This road crosses the
entire city on its longest axis connecting its main entrance to
the port. If the control measures were effective we expected
individuals from the two areas outside the port would be

@ Springer

genetically similar between them, and port’s population
would present higher genetic differentiation.

Material and methods
Study area

The study was conducted in Paranagud municipality
(25°30'31"S 48°30'39"W), a port city with a population of
153.600, and 827 km? area, located in Paran4 state, South of
Brazil (Fig. 1). The port’s history dates back to 1872, when
it was initially used as a berth, until its official foundation in
1935. It has an organized area of 425 km?, and is the most
important port in south Brazil, moving mainly solid bulk (34
million tons in 2019), but also liquid bulk, and containers
(ANTAQ 2020; APPA 2019).

Sample collection

Considering some limiting factors we had to carry out the
study (e.g. stolen traps, safety and financial resources), we
selected three locations to survey in Paranagui. Norway
rat tissue samples were collected from these three loca-
tions along the main road used by trucks to transport goods,
which we a priori treated as population units. Samples were
obtained from rat carcasses found in the respective areas, or
from individuals captured by trapping. We performed nine
field campaigns between January 2017 and July 2018, and
applied a total effort of 535 trap-nights. Rats were captured
in live traps and euthanized for tissue collection following
the procedures recommended by UFPR ethics committee
(CEUA N° 1211).

We were interested in characterizing gene flow along the
road leading away from the port, and for that purpose we
selected three sampling sites in Avenida Ayrton Senna da
Silva (Fig. 1, black line). The first sampling location was the
Port complex (Fig. 1, cyan circles). Through the establish-
ment of a partnership with the port administration (Admin-
istracdo dos Portos de Paranagua e Antonina — APPA), we
were able to access rat carcasses collected inside the Port
area by the zoonosis control team and installed live traps in
areas where we had access. For comparison of genetic diver-
sity along the road, rats were sampled in an area~2 km away
from the Port (Area 2) chosen because of the presence of
wasteland, residences and a big storage courtyard (Fig. 1, red
squares). The third area (Area 3) was ~ 6 km away from the
Port and was chosen because of a gas station, where truckers
regularly stay overnight, and surrounded by wasteland and
residences (Fig. 1, purple triangles). Both Area 2 and 3 had
grassy berms along the road where traps were set and the
carcasses were found.
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Fig. 1 Location of the study
sites in Paranagua, Parana

state, Brazil. Geometric shapes
represent the approximated
location where each sample was
collected
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Samples were obtained under License N° 23,102—1 SIS-
BIO from the Brazilian environmental agency.

DNA extraction, genotyping, and sequencing

Genomic DNA extractions were done from muscle tissue
samples preserved in 70% ethanol. We used 11 microsatellite
markers developed by Jacob et al. (1995) from Rattus nor-
vegicus: D12Rat4, DSRat83, D7Rat13, D9Rat13, D10Rat20,
D16Rat81, D11Mgh5, D15Rat77, D2Rat234, D18Rat96,
and D20Rat46. Markers were chosen from different chro-
mosomes to avoid physical linkage. The M13 fluorescent
labeling protocol (Schuelke 2000) was used to amplify the
loci and incorporate the fluorescent dyes 6-FAM, and NED
(Integrated DNA Technologies®).

Polymerase chain reactions (PCR) were performed in
15 pl volumes containing 2 pl of extracted DNA (> 60 ng

Table 1 Measures of genetic diversity per sampling location. Sam-
pling location, number of sampled individuals (Ng), number of alleles
reported for 11 loci (N,), allelic richness (Ar) (Ar; based on min.
sample size of 13 individuals), private alleles (PA), within population
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DNA/ ul), 1 X Buffer, 1.5 mM MgCl,, 0.2 mM dNTPs,
0.1 uM of forward primer, 0.2 uM of each reverse and M13-
labelled primer, and 1 U Taq. The thermocycler conditions
were: initial denaturation of 94 °C for 5 min, 25 cycles of
94° for 45 s, 55 °C for 50 s and 72 °C for 50 s, followed by 8
cycles of 94° for 45 s, 53 °C for 40 s and 72 °C for 50 s, and
final extension of 72 °C for 15 min.

PCR products were mixed with 0.4 uL of GeneScan™
600 LIZ® (Applied Biosystems) and 7,6 uL of Hi-Di For-
mamide (Applied Biosystems), followed by heat shock treat-
ment, 95 °C for 5 min, 4 °C for 5 min. Genotyping runs were
performed on an ABI3500 (Applied Biosystems) automated
sequencer and analysed using GENEIOUS prime version
2019.0.4 (https://www.geneious.com) including the Micro-
satellite Analysis External Plugin version 1.4.6 (Biomatters
Ltd.) Only individuals with at least six genotyped loci were
kept in the dataset for analysis.

gene diversity (Hg), and observed heterozygosity (Hy derived from
Hg and Fg values as Hy=Hg — (Fig X Hy)), Fig values (none were sig-
nificant, based on 21,000 randomisations)

Ng Ny, Ar PA Hg Ho Fis
Port 25 79 6.528 18 0.782 0.784 -0.003
Area2 24 66 5.430 4 0.708 0.672 0.051
Area 3 22 76 6.158 13 0.730 0.702 0.038
@ Springer
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Table 2 Measures of genetic

Locus N N A H, H F F
diversity per locus. Number ocus ame A ' 0 5 ST 1S
of alleles (N), allelic richness D5Rat83 12 7.743 0.685 0.757 0.12%% 0.105
(Ar; based on min. sample size 1 op.i0) 10 6.935 0.706 0.747 0.028%% 0.046
of 13 individuals), observed
heterozygosity (Ho) and D2Rat234 8 6.540 0.768 0.78 0.073% 0.019
intrapopulation gene diversity D20Rat46 10 6.187 0.723 0.731 0.057%*** 0.028
(Hy) according to Nei (1987), D11Mgh5 9 4.396 0.692 0.588 0.117##* -0.181
mean pairwise Fy and Fig D7Ratl3 13 9.516 0.773 0.829 0.069%#+ 0.065
for each locus following )
Weir and Cockerham (1984) D16Rat81 14 9.174 0.782 0.839 0.053 % 0.07
(*** indicates significance D18Rat96 11 8.289 0.783 0.782 0.083%#** -0.004
p<0.001, ** p<0.01 and DYRat13 7 5.351 0.675 0.709 0.027%* 0.043
* aQ
p<0.03, based on 21,000 DI5Rat77 7 5.280 0.774 0.726 0.01 -0.063
randomisations)
D12Rat4 7 4301 0.548 0.649 0.032%* 0.158%*
Mean 9.82 6.701 0.719 0.740

Data analysis

The software Micro-Checker version 2.2.3 (Van Oosterhout
et al. 2004) was used to test for the presence of null alleles,
false alleles and allelic dropout across the sampling sites
data, using Bonferroni correction, and 3,000 randomisations.

The number of alleles (N, ), allelic richness (Ar), observed
heterozygosity (Hp), gene diversity (Hg) within the sampling
sites were calculated with FSTAT 2.9.4 (Goudet 1995) for
each site and all individual loci (Tables 1 and 2). Fiq and Fgy
values were calculated according to Weir and Cockerham
(1984). Pairwise Fgp values between sampling sites were cal-
culated and p-values were obtained after 3,000 permutations
using FSTAT 2.9.4, pairwise Jost’s D (Jost 2008) values were
calculated in R 3.5.2 (R Core Team 2020) with the package
PopGenReport version 3.0.4 (Table 3). A test for departure
from Hardy—Weinberg equilibrium was also carried out with
FSTAT 2.9.4 using 21,000 randomisations.

Isolation by Distance (IBD) pattern was investigated
using Mantel's test (10* replicates) with the package ade4
(Dray and Dufour 2007) in R 3.5.2. The genetic distance
for this analysis was calculated using Edward’s distance
(Euclidean), implemented in the package adegenet (Jombart
2008) also in R 3.5.2.

Genetic structure was analysed using a Bayesian clus-
tering approach implemented in the software STRUCTU
RE 2.3.4 (Pritchard et al. 2000; Falush et al. 2003). The
admixture model with correlated allele frequencies was

Table 3 Pairwise Fgp and Jost’s D values. ** indicates significance
p<0.01 and * p<0.05, after 3,000 permutations

Port Area2

Fgr Jost’s D Fgr Jost’s D
Area 2 0.0793%** 0.251 0.0000 0.000
Area 3 0.0456* 0.149 0.0642%* 0.179
@ Springer

run with 200,000 Markov chain Monte Carlo interactions
for 10 runs, after a burn-in period of 1,000,000 and num-
ber of clusters ranging K=1 to 4. The output file from
STRUCTURE was used in STRUCTURE HARVESTER
v0.6.94 (Earl and vonHoldt 2012) to calculate AK values
(the rate of change in the log probability of data between
successive K values) as suggested by Evanno et al. (2005).
Individual membership assignments estimated in STRU
CTURE were aligned by CLUMPP 1.1.2 (Jakobsson and
Rosenberg 2007) and DISTRUCT 1.1 (Rosenberg 2004)
was used to generate the bar plot (in Fig. 2).

We used the saddlepoint approximation method to geneti-
cally assign individuals using the visualization approach
described by McMillan and Fewster (2017) (Fig. 3) and also
performed a principal components analysis (PCA) (Fig. 4A)
on the raw genetic data using R 3.5.2 with the package gene-
plot v0.1.0 (McMillan and Fewster 2017). Discriminant
analysis of principal component (DAPC) (Fig. 4B) was also
used to assess genetic clustering with the package adegenet
(Jombart 2008) in R 3.5.2. DAPC relies on data transforma-
tion using PCA as a prior step to discriminant analysis and
is particularly well suited to assess between-groups vari-
ability minimizing variation within the groups, while PCA
aims to summarize the overall variability among individuals
(Jombart et al. 2010).

Results

Our study included a total of 71 individuals: 25 from the
Port area (20 carcasses collected by the zoonosis control
team and 5 captured in live traps), 24 from Area 2 (11 car-
casses found in the area and 13 captured in live traps) and
22 from the Area 3 (11 carcasses found in the area and 11
captured in live traps). Overall we were able to amplify and
genotype 656 of the 781 aimed loci (genotyping success
of 83.9%). As expected, the Port sampling site was more

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig.2 STRUCTURE plot using
the admixture model. Estimated
proportion of cluster member-
ship for each rat. The most
likely structure of K=2 across
10 replicates was indicated by
STRUCTURE HARVESTER

Fig.3 GenePlots for Norway
rats in Paranagua. (A) Genetic
assignment for individuals from
Port, Area 2 and Area 3 to refer-
ence populations Port and Area
2. (B) Genetic assignment for
individuals from Port and Area
3 to reference populations Port
and Area 3
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Fig.4 Principal Component Analysis (PCA). (A) PCA using the
three populations as reference accounting for a total of 82% variance
explained. (B) Discriminant Principal Component Analysis (DAPC),
showing the first two discriminant axes; K=3 was identified as the
optimal number of clusters, each indicated by different colours and
inertia ellipses

diverse, as evident by the number of alleles (n="79), com-
pared to 66 and 76 alleles for Area 2 and Area 3 respectively.
Other indexes showed a similar pattern: allelic richness
(Ar=6.528), gene diversity (Hg=0.782) and observed het-
erozygosity (Hy=0.784) were highest for the Port (Table 1).
Port also showed a very low Fg value (-0,003), suggesting
that this is the least inbred site among the three analysed.
Interestingly, samples from Area 2, which is 2 km away from
the Port, showed less genetic diversity than individuals sam-
pled in Area 3, located 6 km away from the Port. Samples
from Area 3 also showed similar values compared to the Port
for number of alleles, allelic richness and private alleles.
Micro-Checker detected an excess of homozygotes for
D12 locus, which can indicate presence of null alleles.
Locus D12 was the only marker showing a significant
Fig value (Fig=0.158%), which indicates departure from
Hardy—Weinberg equilibrium (HWE) (Table 2). We per-
formed downstream analysis with and without locus D12
(data not shown) and since inclusion of D12 did not have
significant effects on the results, the final analysis is based

@ Springer

on all 11 markers. No evidence of false alleles or allelic
dropout was detected.

Mantel’s test revealed no significant pattern of IBD
(r=-0.71, p-value =0.833) and according to Wright's (1978)
criteria, the pairwise Fq values suggested moderate genetic
differentiation between Port and Area 2 (Fgr=0.0793,
p<0.01) as well as between Area 2 and Area 3 (Fg;=0.0642,
p<0.01), but only little differentiation between Port and Area
3 (F4r=0.0456, p <0.05), even though Port and Area 3 were
the locations that were farthest apart. The Jost's D values
also produced a similar result, with Port and Area 3 having
the least differentiation. These results are shown in Table 3.

The Bayesian clustering analysis performed in STRU
CTURE indicated the most likely number of clusters (K)
was two, and further confirmed the Fgy results (i.e. clus-
tering of Area 3 and Port), and the differentiation of these
two sampling sites from Area 2 (Fig. 2). The results from
the saddlepoint approximation method used in GenePlots
(McMillan and Fewster 2017) corroborated with the STRU
CTURE results and Fgp values, indicating greater genetic
similarity between Port and Area 3 than between Port and
Area 2. The genetic assignment of individuals using Area
2 and Port as reference populations (Fig. 3A) revealed that
more than half of the individuals from Area 3, lie below
the tick diagonal line (Port assignment area) indicating
greater posterior probability of originating from Port than
Area 2. The remaining Area 3 individuals were mostly
assigned over the tick diagonal line suggesting an equal
probability of the individual originating from Port or Area
2. Lastly, four individuals from Area 3 were plotted above
the diagonal lines implying higher probability of originat-
ing from Area 2.

Most of individuals sampled in Port were plotted below
the 1% line for Area 2 (red dashed line) and therefore
have good fit only for the Port population (see also Online
Resource 1). By contrast, almost half of the individuals
from Area 2 were nested above the Port’s 1% line (cyan
dashed line) and between the 1% and 100% line for its own
population, indicating that those individuals from Area 2
represents a subset of the Port population.

The genetic assignment using Area 3 and Port as refer-
ence (Fig. 3B) highlighted the relation between those two
sites. Half of the represented individuals from Area 3 were
allocated above the 1% line for Port line (cyan dashed
line), meaning those individuals presented a good fit for
both sampling sites, suggesting those Area 3 individuals
most likely represent a subset of the Port area.

PCA (Fig. 4A) and DAPC (K=3) (Fig. 4B) also showed
higher associations between Port and Area 3 than between
Port and Area 2. PCA detected two genetically divergent
individuals from the Port location that did not fit with any
of the sampled sites, which might indicate new migrants
from an area outside of the sampled region.
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Discussion

Many studies of invasive rat species focus on island set-
tings and serve often as eradication assessment (i.e. inves-
tigating the eradication viability or its success by verifying
the survivor versus reinvader scenario)(e.g. Savidge et al.
2012; Pichlmueller and Russell 2018; Gatto-Almeida et al.
2020b). As pest eradication (i.e. complete removal of all
rats) is not feasible on a continental scale, we aimed at
gaining a better understanding of rat dispersal in urban
areas, which can help to develop and refine management
strategies.

In this study we genetically characterized R. norvegicus
populations in a Brazilian port city, considering a busy
road as a dispersal axis. The aim was to evaluate how
effective the control measures were in the port area. The
samples were collected from three sites along one of the
main roads used by trucks to access the port in Parana-
gui and results indicated that both areas outside the port
presented individuals with good fit to Port population.
Additionally, our samples did not show significant IBD
pattern (r=-0.71, p-value =0.833), and even suggested
greater genetic similarity between the furthest apart areas,
Port and Area 3, while the central location (i.e. Area 2)
expected to be more similar to Area 3, if control measures
in Port were effective, showed moderate genetic differen-
tiation from the other two.

Roads are known key pathways for the spread of IAS
(Brown et al. 2006; Cameron and Bayne 2009) and this
spread can occur via self-dispersion (e.g. displacement by
walking or swimming) (Innes et al. 2010; Russell et al.
2010; Brown et al. 2006) or human-mediated disper-
sion, usually associated with long distance dispersal (e.g.
transport by vehicles) (Von Der Lippe and Kowarik 2007).
Berthier et al. (2016), for example, found that a road net-
work heavily used by trucks for commercial operations
facilitates passive dispersal of black rats over long dis-
tances through unfavourable landscapes in south-western
Niger.

Our target species, R. norvegicus, is known to exhibit
strong site fidelity and low frequency of long-distance dis-
persal (> 500 m) in urban environments, especially if food
and harbourage are available (Gardner-Santana et al. 2009;
Combs et al. 2018; Byers et al. 2019). Hence on the spatial
scale of our sampling (6 km), assuming only self-dispersion
of Norway rats, we expected to observe an IBD pattern if the
control measures in port were not being effective. Individuals
from the two closest sampling areas (Port and Area 2) were
expected to be more genetically similar and the furthest
apart populations (Port and Area 3) would show greater
differentiation, as reported by Gardner-Santana et al. (2009)
for Norway rats population in Baltimore (East coast, USA).

In Baltimore, the sampled populations were 0.07-13.4 km
apart and their pairwise Fgp values increased as the pairwise
distance between areas increased (Gardner-Santana et al.
2009). In France, Desvars-Larrive et al. (2019) also found
IBD pattern for two out of three sampled municipalities,
but in contrast with those findings, our analysis suggests
that the genetic patterns of rats from the two furthest apart
sampling areas (Port-Area 3) are more similar, than between
either Port-Area 2 or Area 2-Area 3, indicating that rats, in
Paranagud, disperse not only by self-dispersion, but also by
human assistance.

Genetic assignment using GenePlots supports this idea
as more than 50% of Area 3 individuals showed a good fit
for the Port population, while only a few were assigned with
confidence to Area 2. Vice versa, four individuals from Port
had a good fit for Area 3, suggesting that gene flow occurs in
both directions, although it is probably more likely to have
individuals from the Port arriving in Area 3, considering
GenePlot also suggests Area 3 as a subset of Port.

When individuals from just one of two populations dis-
play a good fit to both populations, it suggests that this popu-
lation is a subset of the other (McMillan and Fewster 2017),
like we registered between Port and Area 3. This pattern was
also observed in comparison between Port and Area 2. The
most likely explanation for these subsetting results is that
individuals from the Port location were introduced to Area
2 and Area 3 (i.e. individuals coming from Port established
in Area 2 and 3), but a different frequency and/or number of
new migrants arriving in the respective areas could explain
the difference in genetic differentiation observed.

The Area 2 population possibly received fewer immi-
grants and hence has undergone a bottleneck, resulting in
the loss of alleles. This was reflected in lower diversity indi-
ces, such as the lower number of private alleles, number of
alleles and allelic richness. In contrast, Area 3 appears to
have received new immigrants more frequently, resulting in
higher genetic diversity and more genetic similarity to the
founder population (Port).

Overall, all three populations showed reasonably genetic
distinctions highlighted by the differentiation indexes (Table 3)
and by PCA and DAPC plots (Fig. 4). These are congruent
with previous studies that evaluated R. norvegicus popula-
tions in urban environments and found long-distance disper-
sal occuring at low frequency (Gardner-Santana et al. 2009;
Byers et al. 2019). Despite of that, we were also able to regis-
ter human-mediated transport between two populations of rats
6 km apart. These results suggest that besides self-dispersion,
human-mediated dispersion could play an important role in
the dispersal dynamics of R. norvegicus in Paranagua. Most of
Area 3 samples were collected near a gas station where truck
drivers stay overnight with loaded trucks (either coming out
or going to the Port). Trucks can accidentally transport rats,
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just like vessels (Sanu and Newport 2010) and any area con-
stantly being accessed by these modes of transportation (i.e.
gas station) is susceptible to the arrival of new immigrants,
facilitating gene flow between populations.

Human-mediated dispersal was also proposed to cause
the absence of patterns of isolation by distance in brown rats
in eastern France (Desvars-Larrive et al. 2019). The study
sampled one urban and two rural municipalities and found
a weak IBD pattern between the urban habitat and one of
the rural municipalities, while Saint-Romain-de-Popey, the
other rural municipality, showed an absence of correlation
between genetic diversity and geographical distances. The
authors argue that this departure is expected when dispersal
between sites is rare or/and when passive dispersal (human-
mediated) occurs. They however did not evaluate which
human routes could have been involved in dispersal.

On a larger scale, Berthier et al. (2016) evaluated Rattus
rattus dispersal between cities apart in Niger (103 to 285 km
distance). The authors did not find patterns of IBD between
the cities, but DAPC analysis and Fgp values revealed greater
genetic similarity between cities connected by roads, even
between those furthest apart.

To summarise, our data indicates that even with control
measures implemented by the Port authorities, it was not suf-
ficient to prevent dispersal of rats from the Port to surround-
ing areas and vice versa. The road that we evaluate seems to
be an important pathway to R. norvergicus dispersal in Para-
nagua and therefore should be kept under pest surveillance,
to prevent rats from boarding when loaded trucks park on
the road, as much as trucks’ cargo to prevent contaminated
cargo to be loaded.

Conclusions

This study is, to our knowledge, the first to explore the role
of roads in human-mediated dispersal of Norway rats inside
an urban environment in America. Trucks serve as the most
probable vector of rat dispersal in the studied area and vehi-
cles can be carrying high number of individuals out of the
port and facilitating the establishment of new colonies and
invading new areas along the roads in Paranagua city. Traf-
fic out of the Port area is increasing and hence rat disper-
sal is expected to occur at increased rates. Therefore, we
suggest stronger cargo surveillance, especially when trans-
porting grains and other perishable goods. This would not
only lower the risk of unintended rodent dispersal out of the
Paranagud Port, but also avoid cargo contamination by rat
droppings and subsequently the potential spread of zoonotic
disease. Members of the genus Rattus, notoriously known
as reservoir for plague, leptospirosis and hantavirus, have
been crucial in the circulation of such diseases in densely
populated areas. Often emergence or re-emergence of these
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diseases is linked to rat dispersal and human activities over-
lapping in shared habitats. Such contaminations not only
pose a risk to human and animal health, they are also a finan-
cial burden for cargo companies if the goods are spoiled.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11252-021-01171-x.
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