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Abstract: Leptospirosis, an environmental infectious disease of bacterial origin, is the infectious
disease with the highest associated mortality in Seychelles. In small island territories, the occurrence
of the disease is spatially heterogeneous and a better understanding of the environmental factors
that contribute to the presence of the bacteria would help implement targeted control. The present
study aimed at identifying the main environmental parameters correlated with animal reservoirs
distribution and Leptospira infection in order to delineate habitats with highest prevalence. We used
a previously published dataset produced from a large collection of rodents trapped during the dry
and wet seasons in most habitats of Mahé, the main island of Seychelles. A land use/land cover
analysis was realized in order to describe the various environments using SPOT-5 images by remote
sensing (object-based image analysis). At each sampling site, landscape indices were calculated
and combined with other geographical parameters together with rainfall records to be used in a
multivariate statistical analysis. Several environmental factors were found to be associated with the
carriage of leptospires in Rattus rattus and Rattus norvegicus, namely low elevations, fragmented
landscapes, the proximity of urbanized areas, an increased distance from forests and, above all,
increased precipitation in the three months preceding trapping. The analysis indicated that Leptospira
renal carriage could be predicted using the species identification and a description of landscape
fragmentation and rainfall, with infection prevalence being positively correlated with these two
environmental variables. This model may help decision makers in implementing policies affecting
urban landscapes and/or in balancing conservation efforts when designing pest control strategies
that should also aim at reducing human contact with Leptospira-laden rats while limiting their impact
on the autochthonous fauna.

Keywords: leptospirosis; rodents; Rattus rattus; Rattus norvegicus; spatial analysis; remote sensing;
landscape metrics; satellite; ecology
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1. Introduction

Leptospirosis is a bacterial disease caused by pathogenic spirochetes of the genus
Leptospira [1,2]. Throughout the world, leptospirosis occurs mostly in tropical climates
and in a variety of environments, affecting urban and rural populations [3], including
on islands [4]. It has a major impact on human health with an estimation of over one
million cases and about 60,000 deaths yearly worldwide [5,6]. Despite this considerable
burden, leptospirosis remains a neglected disease as it affects the poorest populations, it is
associated with flu-like unspecific symptoms and its diagnosis is challenging in low-income
countries due to the usual unavailability of molecular diagnostic tools in these settings [6].
Over the past few years, research programs have expanded to address the burden of the
disease in human populations, identify main animal reservoirs and better understand its
ecology [7,8]. However, many countries, especially in Africa, lack information on this
disease [9].

Leptospirosis usually occurs after contact with a moist environment (water or soil)
containing pathogenic leptospires [10]. These bacteria can survive from a few weeks to
several months under favorable environmental conditions and hence infect a number of
mammalian hosts [11,12], although nonmammal hosts have also been reported [13,14].
Among mammalian hosts, rodents play an important role due to their presence in a
variety of environments [8]. In reservoir hosts, leptospires colonize the renal tubules and
are chronically shed and dispersed into the environment through urine [1]. Therefore,
environmental conditions are determining factors of the transmission of these pathogens:
they condition the survival time of bacteria in the environment and the presence of animal
species able to act as reservoirs, which in turn contribute to the contamination of the
environment. Identifying environmental factors that allow the prediction of leptospire
presence in the environment and/or the carriage of leptospires in animal reservoirs can
thus help identify the settings where humans are most likely to get infected.

Several studies have looked at the environmental patterns of leptospirosis epidemi-
ology. Different risk factors have been highlighted depending on the geographic scales.
At smaller geographic scales (i.e., over large areas), climate factors and habitat types are
known to delineate species distribution as they mark the frontiers of their fundamental
ecological niche [15,16]. These factors, for example, temperature range and cumulative
rainfall, may in turn be related to altitude and land cover. Flooding has been shown as a
major factor of bacterial dispersal and of increased human exposure [17]. In a bibliographic
review, Mwachui et al. concluded that flooding and heavy rainfall were major drivers
of leptospirosis incidence on islands and in Asia [8]. Additionally, in Cambodia, Ledien
et al. showed that the detection of flooded areas helped to predict the risk of leptospirosis
infection [18]. In New Caledonia, the El Niño Southern Oscillation (ENSO), which causes
significant changes in rainfall, has been associated with outbreaks of leptospirosis and
is therefore considered to contribute to the occurrence of leptospirosis [19]. Lastly, an
association of leptospirosis to specific habitat types has been enlightened in some studies,
as in southern Brazil (the state of Rio Grande do Sul), where the cases of leptospirosis in
rural areas are restricted to specific ecoregions [20].

At a larger scale (i.e., over smaller areas), environmental characteristics, topography,
meteorology, human presence and species interactions affect the presence and density of
each species (as theorized for ecological niche modeling) [16]. Thus, leptospirosis may
present specific patterns related to each environmental setting [8]. In the Brazilian city
of Salvador, an increased exposure to leptospirosis was associated with the location of
households at lower elevations [21]. In Southeast Asia, an ecological sampling of rodents
in various landscapes showed that their prevalence in different species of leptospires
varies with their habitats (i.e., L. borgpetersenii is highly prevalent in nonfloodable lands
while L. interrogans and L. borgpetersenii coexist with similar prevalence in rice fields and
forests) [22]. Similarly, in northern Thailand, investigation of Leptospira spp. in rodents
revealed a higher prevalence of infection in animals living in forested habitats than in
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those living near villages where the prevalence of human leptospirosis is high (i.e., villages
located in nonforested areas close to rivers) [23].

At such scales, these studies have demonstrated the need for and capacity of remote
sensing techniques to analyze satellite imagery in order to construct environmental indica-
tors that allow risk prediction. However, spatial and temporal resolutions of the data have
an impact on the analyses. For instance, the detection of flooded areas is relatively difficult
to assess by optical satellite imagery, since cloud cover is generally important during the
rainy season. An alternative is to use synthetic aperture radar (SAR) satellites for the study
of wetlands, which can be of great interest for health [24]. In addition, flood maps are
sometimes produced on an annual time scale, which is not appropriate to capture the local
temporal impact of flooding on leptospirosis. In Thailand for instance, the comparison
of flood maps with leptospirosis incidence at a national scale showed an inconsistent
relationship [25]. These maps are hence an impressive piece of work based on hundreds of
satellite images [26] but may not be suitable to catch the local temporal impact of flooding
on leptospirosis.

Therefore, the question of whether environmental indicators obtained through the
analysis of satellite images allow predicting the carriage of leptospires in reservoirs, or
even the occurrence of human cases, remains open. Ledien et al. paved the way by
showing the potential of flood-representative vegetation indices (especially the modified
normalized difference vegetation index—MNDWI, calculated from MODIS satellite images)
in predicting leptospirosis seroconversion [18]. However, at the local scale, such predictions
require finer data. To address this question, we looked at leptospirosis in a small area,
the island of Mahé in Seychelles, where leptospirosis is a disease of major public health
concern [14,27,28].

Mahé is the largest and most populated island (78,896 inhabitants in 2017) in the
Seychelles Archipelago, located about 1500 km east of Africa, in the Indian Ocean. With
its highest peak at 905 m (Morne Seychellois), Mahé presents varied and hilly landscapes
on a small territory. Several mammalian species have been introduced in Seychelles, all of
which are likely to be reservoirs of leptospirosis. These are mostly introduced commensal
rodents (Rattus rattus, Rattus norvegicus and Mus musculus) but also hares, rabbits, dogs,
cats and tenrecs (Tenrec ecaudatus, a small mammal in the family Tenrecidae) [29]. In
addition, the endemic fruit bat of the inner islands of Seychelles, Pteropus seychellensis, is a
potential reservoir with an unknown Leptospira species reported in one bat from a small
sampling [14,30]. Rodents are the most abundant terrestrial mammals in Seychelles. They
are found in all ecosystems, and can be abundant in towns and villages, agricultural lands
and wooded hills. They are notoriously important actors in the maintenance, dispersion
and transmission of leptospires to humans.

This study aimed at identifying environmental factors associated with murine rodent
distribution and Leptospira infection. The objective was also to see the predictive potential
of such indicators, which could be used for the environmental monitoring of leptospirosis
and targeted control actions.

2. Materials and Methods
2.1. Sampling Permit and Ethics Approval

Approval for the trapping and investigation of rats was received from the Seychelles
Bureau of Standards (ref. A0157). The collection, handling, external examination and
dissection of each animal followed the European Union legislation for the protection of
animals used for scientific purposes (Directive 2010/63/EU) and the reference rodent
protocols [31–33]. The research protocol’s ethical terms were defined under accreditation
03387 (FEDER POCT LeptOI 32913 project) and were approved by the CYROI Institutional
Animal Care and Use Committee (Comité d’Ethique du CYROI n◦ 114, IACUC certified by
the French Ministry of Higher Education and Research).



Remote Sens. 2021, 13, 325 4 of 19

2.2. Animal Sampling and Leptospira Detection

The sampling schemes have been described elsewhere [14], but one site (“Beau Vallon”)
was excluded because there were only three trap-nights out of the trapping protocol for
the environmental analyses. Briefly, rodents were captured on Mahé Island at 11 sampling
sites (Casse Dent, Chemin Dame le Roi, Grand Bois/Mont Céphale, La Gogue, Fairview
La Misère, La Réserve, Police Bay, Port Launay, Providence Industrial Estate, Reclaimed
Land near the airport (Zone 21), Victoria) during the dry season (southeast tradewinds)
in June and July 2013, and during the wet (northwest tradewinds) monsoonal season in
February and March 2014. At each site, 40 to 80 wire live-traps baited with roasted coconut
were placed in line 15 m apart in the afternoon. The following morning, captured animals
were collected and descriptive information was recorded in the field, including the GPS
coordinates, a short description of the habitat and of the state of the trap. The captured
animals were handled in a laboratory of the Ministry of Health. The external measurements
included weight, head and body length, tail length, ear length and hind foot length. The
sex and maturity (juvenile or adult status) of the animals were determined by the external
and internal observation of the reproductive organs (including the breeding conditions,
presence of scars or wounds, position of testis). Maturity was then cross-checked with
external measurements to identify possible inconsistencies. External observation permitted
initial identification of the species. In order to validate the identification of Rattus rattus
with respect to R. norvegicus, each R. rattus was also sequenced at the cytochrome b (cytb)
locus [14]. Blood was collected by cardiac puncture and kidneys were removed and
stored in liquid nitrogen for investigation of Leptospira spp. Fresh kidney tissue were also
inoculated to culture medium [14]. The infection status of rodents, determined through
RT-qPCR or culture on the kidney samples was used as a variable in the construction of
the models. The trapping rate was calculated for a given species by dividing the number
of animals caught by the total number of traps that caught a rat or remained opened
(excluding those traps that caught other species).

2.3. Landscape Analysis

In view of the relatively small size of Mahé Island and the diversity of rodent habitats,
this study required a precise and recent land use/land cover dataset, which was not
available. The SEAS-OI Station (http://www.seas-oi.org/) provided us with two scenes of
high-resolution and near cloud-free SPOT-5 satellite images (© CNES—2013, Distribution
Astrium services/Spot images S.A., France, all rights reserved). Each scene is composed of
a panchromatic image at 2.5 m spatial resolution and a multispectral image at 10 m. They
were acquired on 6 December 2012 and 6 January 2013. We preprocessed the raw images
(level 1A) with the open source software OrfeoToolBox 5.8.0 (OTB, https://www.orfeo-
toolbox.org/) in order to make the images comparable. In a first step, we orthorectified
the images with the orthorectification functionality using the Shuttle Radar Topography
Mission digital elevation model (SRTM DEM) at 90 m resolution (http://dwtkns.com/
srtm/). We then converted the data to top-of-atmosphere (TOA) reflectance using the
OpticalCalibration tool. Finally, we merged the panchromatic and multispectral pairs with
the BundleToPerfectSensor function to produce a multispectral image with the spatial
resolution of the panchromatic image. We applied and adapted the classification process to
each of the two merged images.

We realized an object-based image analysis (OBIA) with eCognition software (eCog-
nition Developer 9.0.3, © 2014 Trimble Germany GmbH, Munich, Germany) as already
described [34,35]. The OBIA process involves a segmentation of the image pixels into
objects and a classification of these objects according to intrinsic (reflectance, shape, tex-
ture), topologic (relations to neighboring objects) and contextual properties (semantic
relationships between objects). We chose the land use/land cover classes among the
first level of the nomenclature used by the United States Geological Survey [36], further
adapting it to the tropical environment of Mahé. The Seychelles Ministry of Habitat,
Infrastructure and Land Transport provided complementary geographical vector data,

http://www.seas-oi.org/
https://www.orfeo-toolbox.org/
https://www.orfeo-toolbox.org/
http://dwtkns.com/srtm/
http://dwtkns.com/srtm/
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which helped improve this classification, in particular to differentiate between urban
and peri-urban areas. We organized a field observation campaign in January 2014 to
measure the quality of the land use/land cover classification. We used the Locus Map
application (https://www.locusmap.eu/) for mobile devices, which allowed us to record
georeferenced field observations and display the satellite images acquired for the study.
We recorded more than 30 observations for each class of land use/land cover, throughout
the island. We built a confusion matrix to verify whether the classes observed in the field
were correctly identified on the satellite images [37].

We then used this land use/land cover classification to compute landscape indices
around the locations of each captured animal [38]. These indices included the minimum
distance between each animal and each land use class. They also included the percentage
area of each class in buffer zones of different sizes (100, 500 and 1000 m) in order to take into
account potential distances traveled by animals. In each of these buffer zones, we calculated
an index of landscape fragmentation, called edge density and obtained by dividing the
total length of the contour of each land use patch (i.e., polygons) within each buffer by
the buffer area. A higher edge density is associated with a more fragmented landscape.
Lastly, we estimated the ground elevation and slope by using the SRTM (Shuttle Radar
Topography Mission, http://srtm.usgs.gov/) digital elevation model (DEM) at a 90 m
spatial resolution.

2.4. Meteorological Data

The Seychelles Meteorological Authority provided monthly rainfall data measured at
14 ground stations throughout Mahé Island. We spatially interpolated these data using an
inverse distance weighting method with ArcGIS software. We calculated for each trapping
site the average rainfall over 20 years (1993–2013) and the rainfall of the month of capture.
In order to assess the impact of cumulative rainfall on leptospirosis, we also calculated the
rainfall for the month preceding the capture, as well as the cumulative rainfall for the two
and three previous months.

2.5. Cartography

We used QGIS software for mapping the results. The Infectious Disease Surveillance
Unit of the Ministry of Health provided human leptospirosis data for the 22 districts of
Mahé for the year 2015 only. These data do not allow a study of human epidemiology and
this was not the purpose of this study, but we used them to contextualize rodent data on a
map. We obtained publicly available district population data from the National Bureau of
Statistics of Seychelles that were used to calculate and map the incidence of leptospirosis by
district. We used a district contour map provided by the Ministry of Habitat, Infrastructure
and Land Transport of the Republic of Seychelles.

2.6. Statistical Analyses

We performed all statistical analyses using the R 3.4.3 language and environment
for statistical computing [39]. Statistical significance was set at p < 0.05. We conducted
descriptive analyses at the scale of the trapping sites and more precisely at the scale of
the individuals located by the GPS of the trapping site. We verified if the number of
samples trapped at each site was sufficient to detect statistically significant positivity by
using a Poisson distribution, based on the average prevalence of the species. To test the
variables that discriminate between groups of positive/negative rats, we performed an
exact Fisher’s test on qualitative/categorical variables, and a Student’s test on continu-
ous/numerical variables. We represented the most discriminating variables to be included
in the final model using a principal component analysis (PCA). For the multivariate anal-
ysis, we decomposed the dataset into two subdatasets: learning/training data and test
data. We used the caret package to perform a logistic regression with k-fold repeated
cross-validation (k = 5, repeated 5 times) on the learning set by testing the discrimination
of positive/negative rats according to all environmental variables kept for the analysis.

https://www.locusmap.eu/
http://srtm.usgs.gov/
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The stepwise method, based on the AIC criterion, allowed us to define the optimal model.
Finally, we assessed the accuracy of the model from the receiver operating characteristic
(ROC) curve or the precision–recall (PR) curve when the dataset is imbalanced, by using
the PRROC package [40].

3. Results
3.1. Trapping Success

A total of 735 murine rodents were captured during the 1856 trap-nights of the
study and included in this analysis (Table 1, see also Biscornet et al. 2017 [14] for a
comprehensive description of the sample). They belong to two species: 685 Rattus rattus
(RR) and 50 Rattus norvegicus (RN). No Mus musculus were captured, probably because of
the large size of the cage traps used.

Table 1. Rodents trapping results and Leptospira infection prevalence by sample site. The type of environment is provided
for each site: urban (U), peri-urban (P), rural (R) and natural (N).

Site Trap-Nights Environment Trapping Success
Leptospira Detection (RT-qPCR)

Positive/Total Sampled
(% of Positive)

Rattus rattus Rattus
norvegicus Rattus rattus Rattus

norvegicus All

Casse Dent 149 N 46.9 0.0 2/65 (3.1) 0/2 (0.0) 2/67 (3.0)
Chemin Dame le Roi 179 R 47.9 0.0 2/75 (2.7) - 2/75 (2.7)
Fairview La Misère 250 P 31.2 10.3 8/69 (11.6) 8/15 (53.3) 16/84 (19.0)
Grand Bois Mont

Cephale 140 N 47.2 0.0 3/58 (5.2) - 3/58 (5.2)
La Gogue 133 R 54.0 1.7 1/66 (1.5) 0/1 (0.0) 1/67 (1.5)

La Reserve 172 N 36.6 0.0 1/60 (1.7) - 1/60 (1.7)
Police Bay 168 N 60.0 0.0 0/98 (0.0) - 0/98 (0.0)

Port Launay 148 R 57.9 6.3 2/78 (2.6) 3/5 (60.0) 5/83 (6.0)
Providence Industrial

Estate 33 U 39.3 10.5 0/6 (0.0) 2/2 100.0 2/8 (25.0)
Reclaimed Land

(Zone 21) 142 P 37.3 5.6 7/50 (14.0) 5/5 (100.0) 12/55 (21.8)
Victoria 342 U 18.4 7.4 4/60 (6.7) 9/20 (45.0) 13/80 (16.3)

Total 1859 - 43.3 3.8 30/685 (4.4) 27/50 (54.0) 57/735 (7.8)

There was an average 158 trap-nights per site. The trapping effort was lower at
Providence Industrial Estate with only 32 trap-nights for logistic reasons, whereas the other
10 sites had at least 128 trap-nights. RR were trapped at all sites and averaged 43.3% with a
maximum of 60.0% trapping rate at Police Bay. RN trapping was less successful (at 6 sites).
The average trapping rate for RN was 3.8% and reached a maximum of 10.5% at Providence
Industrial Estate and 10.3% at Fairview La Misère. There was no correlation between the
percentages of trapping success of the two species per site. In the sampling sites where RN
were caught, the trapping rates of RR were among the lowest. When calculating the global
trapping rates (both species indifferently), the standard deviation decreases to 10.8% with
an average of 44.9% (Figure 1).
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3.2. Rat Characteristics

The sex ratio of males to females differed according to species although not signifi-
cantly: 1.5 for RN (30/20) and 1.1 for RR (351/322) while 12 animals could not be defined
as male or female. The adult to juvenile ratio was also higher for RN (15.7, i.e., 47 adults
for 3 juveniles) than for RR (5.4, i.e., 578 adults for 107 juveniles), because very few RN
juveniles were captured during sampling. For each species, adult males were larger in
size and mass than adult females, not significantly (Student test p = 0.07) for RN (average
head and body length for RN males = 229.6 mm, RN females = 216.7) and significantly
(p < <0.001) for RR (RR males = 182.8, RR females = 172.7). We also observed that the adult
RN caught during the dry season were significantly heavier on average (278.4 g) than
those caught during the wet season (218.2 g). Adult RR had similar weight in both seasons
(119.9 g during the dry season and 122.5 g during the wet season).

3.3. Renal Carriage of Leptospira spp.

The overall prevalence of Leptospira infection was 7.8% (57/735) with a prevalence
in RN (54.0%) significantly higher than in RR (4.4%) (Table 1). Maturity had no effect on
infection in RR, positivity rate being similar in juveniles (4.7%, 5 positive for 107 juveniles)
and in adults (4.3%, 25 positive for 578 adults). None of the three juvenile RN tested
positive for leptospirosis, but their number is too small to test whether it is significant
or not. In addition, there were no significant differences by gender for all animals tested
and for both species. Positive adult RN were significantly larger in size (231.4 mm) than
negative adult RN (214.1 mm) (Student test p < 0.05) unlike for adult RR (176.2 mm for
positive adult RR and 177.4 for negative) (Figure 2).
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Figure 2. Relation between animal size (regarding body and foot length) and Leptospira infection, for Rattus norvegicus and
Rattus rattus.

Leptospira-infected animals were found in 10 of the 11 sampled sites but with clearly
distinct species distribution and infection prevalence (Table 1, Figure 3). At Police Bay, none
of the 98 trapped rats (100% RR) were found positive for leptospire. RN were found highly
prevalent only at two sites, with similar infection prevalence: 45.0% (9/20) at Victoria and
53.3% (8/15) at Fairview La Misère (central Mahé, about 500 m high and 4–5 km south of
the city of Victoria). RR were rarely captured on one site (Providence Industrial Estate)
and were all noninfected. For the other 10 sites, a minimum of 50 RR was caught per site
with an average prevalence of 4.4% (30/679) and a standard deviation of 4.6%. The highest
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RR prevalence was reported from Reclaimed Land (Zone 21) (14%, 7/50) and Fairview La
Misère (11.6%, 8/69).
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3.4. Ecological Pattern of Rat Distribution

The final land use/land cover map includes nine classes (1—Dense Urban, 2—Peri-
urban, 3—Wooded areas, 4—Shrub, 5—Herbaceous vegetation, 6—Mangroves, 7—Bare
lands, 8—Wet areas, lakes, 9—Agricultural areas). We recorded 390 observations in the
field to validate the classification (Table 2). The confusion matrix allowed us to calculate a
Kappa index of 0.88, which is very satisfactory for future uses of this classification. The
least accurate class was bare soils due to confusion with the two urban classes that have
similar spectral signatures. From this classification, we calculated 43 landscape indices to
be used for statistical analyses. We also calculated five meteorological variables to complete
the dataset.

Table 2. Confusion matrix of the land use/land cover classification.

Land Use/Land Cover Classes 1 2 3 4 5 6 7 8 9 Total Producer Accuracy

1—Dense Urban 39 2 3 44 0.89

2—Peri-urban 56 3 2 1 4 66 0.85

3—Wooded areas 79 2 81 0.98

4—Shrub 4 28 1 33 0.85

5—Herbaceous vegetation 1 2 1 25 5 34 0.74

6—Mangroves 2 2 26 32 0.81

7—Bare lands 2 1 33 3 39 0.85

8—Wet areas, lakes 1 29 30 0.97

9—Agricultural areas 1 1 31 33 0.94

Total 39 58 90 35 29 30 45 33 31 390

User accuracy 1 0.97 0.88 0.80 0.86 0.87 0.73 0.88 1

Both rat species could be trapped over the entire range of altitudes with close averages
(149.6 m for RN and 154.6 m for RR) (Figure 4A). Nevertheless, the majority of RN was
caught at lower altitudes (with a median of 9 m for RN and 123 m for RR). In addition,
for both species, Leptospira-infected rats were found at a lower median elevation than
noninfected ones, but the effect of altitude is not significant on positivity. Of note, in
Mahé Island, altitude is correlated with land use and proximity to urban areas, which
are mostly located in coastal areas (i.e., low altitude). Of the nine land use/land cover
classes, four of them show a significantly different distance between the two groups of
infected/noninfected rats. Infected rats of both species were observed at similar distances
from dense urban areas (with a median of 2513 m for RN and 3548 m for RR) while
uninfected RN were observed at shorter distances (1629 m) and noninfected RR at greater
distances (4985 m) with significant differences (p < 0.001) (Figure 4B). Noninfected rats were
also significantly observed at greater distances from peri-urban areas (with a median of
71 m for RR and 16 m for RN) than infected rats for both species (with a median of 16 m for
RR and 13 m for RN) (p < 0.001). These results are the same from shrub areas (p < 0.001) and
bare lands (p < 0.001). Finally, the fragmentation index (edge density) also differentiated
between infected and noninfected rats for both species. Amongst the three buffer sizes, the
index calculated within a radius of 100 m appeared as the most discriminating (Figure 4C).
The median of the edge density (100 m) of infected RR was almost twice (0.44) that of
noninfected RR (0.22) and 1.1 times higher for infected RN (0.63) compared to noninfected
RN (0.56).
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Rain appeared as a factor influencing the distribution and infection rates of rats.
First of all, rats sampled in the drier locations (according to the 20-year average yearly
rainfall) were mostly noninfected RR (p < 0.001) (Figure 4D). The cumulated rainfall during
the three months preceding the capture was also a discriminating variable (p = 0.01833)
(Figure 4E). Infected rats were sampled in places or during periods with more rainfall.
Median values for infected rats were four (for RR) to over six times (for RN) higher than
those of noninfected rats (1026 mm for positive RR and RN, 250 mm for negative RR and
183 for negative RN).

By projecting the variables on the first two axes (which account for 83.6% of the
total inertia), PCA showed that the distance to urban areas distinguishes noninfected RR
from other rats. By contrast, the occurrence of infected RR and all RN (regardless of their
infection status) was associated with higher rainfall and habitat fragmentation (Figure 5).

3.5. Environmental Prediction of Leptospires Carriage

First, we kept for the multivariate modeling the eight variables previously identified
as relevant: edge density within a 100 m buffer, distances to dense urban areas, distances to
peri-urban areas, distances to shrubs, distances to bare lands, average rainfall over the last
20 years, cumulated rainfall during three months before capture and elevation. We applied
a logistic regression with stepwise function on the learning dataset (Table 3). The edge
density and average rainfall variables are the only ones that discriminate leptospirosis-
carrying rats from healthy rats (p < 0.001 and p = 0.023, respectively). Areas with high edge
density and high average rainfall will have more carrier rats. However, the area under
the curve (AUC) from PR (since the carrier/healthy and observed/predicted groups are
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imbalanced) is very low (16.08%) (Figure 6). Then this first model could not predict the
carriage of leptospires, neither in the test nor in the learning dataset.
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Table 3. Models obtained with logistic regressions to explain the carriage of leptospires (infected vs. noninfected).

Model Variables Estimate Std. Error z Value p-Value

Model 1 (Excluding variable Species) (Intercept) −2.943 0.238 −12.382 <2 × 10−16

AIC = 272.74 Edge density 100 0.591 0.160 3.683 <3 × 10−4

AUCROC = 77.68% 20-year average rainfall 0.643 0.283 2.272 0.023
AUCPR = 16.08% 3-month cumulated rainfall 30.260 0.159 1.629 0.103

Accuracy = 92.35%
F1 = NA Elevation 0.219 0.144 1.526 0.127

Model 2 (Excluding variable Species) (Intercept) −2.925 0.233 −12.548 <2 × 10−16

AIC = 272.14 Edge density 100 0.499 0.177 2.81 0.005
AUCROC = 79.42% Distances to dense urban areas −0.738 0.317 −2.332 0.020
AUCPR = 15.55% 3-month cumulated rainfall 0.247 0.159 1.555 0.120

Accuracy = 92.35%
F1 = NA

Model 3 (Including variable Species) (Intercept) −3.034 0.235 −12.907 <2 × 10−16

AIC = 237.9 Species RR −0.648 0.107 −6.044 1.5 × 10−9

AUCROC = 88.12% Edge density 100 0.380 0.195 1.947 0.052
AUCPR = 47.21%

Accuracy = 93.99% Distances to dense urban areas −0.395 0.305 −1.294 0.195
F1 = 42.11% 3-month cumulated rainfall 0.21 0.17 1.251 0.211

Model 4 (Including variable Species) (Intercept) −3.1093 0.254 −12.246 <2 × 10−16

AIC = 236.65
AUCROC = 84.87% Species RR −0.657 0.105 −6.242 4.3 × 10−10

AUCPR = 43.07% Edge density 100 0.3835 0.180 2.132 0.033
Accuracy = 92.35% 20-year average rainfall 0.5217 0.304 1.718 0.086

F1 = 30% 3-month cumulated rainfall 0.2302 0.176 1.309 0.190
Elevation 0.2125 0.158 1.348 0.178
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After removing the average rainfall variable, the cumulated rainfall and edge density
remain included in the second model with little change in their estimate (Table 3). The
variable “distances to dense urban areas” is strongly significant in this second model,
whereas it was removed in the first one, contrary to the altitude. The AIC is similar
between the two models and the areas under the curve are also comparable for ROC and
PR (Figure 6). We can assume that average rainfall can be replaced by the distances to dense
urban areas. Furthermore, this second model is unable to predict leptospires carriage.

By keeping the remaining variables in the second model and adding the “species”
variable, the third model is more accurate with a smaller AIC and much greater AUCs,
especially for PR AUC (47.21% versus 15.55% in the second model) (Table 3 and Figure 6).
The “species” variable is highly significant (p < 0.001) and its inclusion has an impact on the
“edge density” variable, which falls just above the significant threshold and “distances to
dense urban areas” variable that is no longer significant. Then, the significant effect of these
two variables in the second model is mainly explained by the species effect. Indeed, the vast
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majority of healthy rats are RRs that were captured in less fragmented areas and at a greater
distance from urban areas. Meanwhile, the inclusion of the “species” variable had very few
effects on the cumulated rainfall (similar estimates in models 2 and 3). This third model
allows the prediction of leptospirosis carriage, with a sensitivity of 28.57% for a specificity
of 99.41% on the test dataset (or precision = 50% and recall = 28.57% for F1 = 42.11%,
harmonic/weighted average of precision and recall, in the case of imbalanced data).

By keeping the remaining variables in the first model and adding the “species” vari-
able, the fourth model is also more accurate with a smaller AIC and much greater AUCs,
especially the PR AUC (43.07% compared to 16.08% in the first model) (Table 3 and
Figure 6). The “species” variable is highly significant (p < 0.001) and the “edge density”
remains significant, but less than for the first model (p = 0.033 versus p < 0.001). As for
the third model, this fourth one allows the prediction of leptospirosis carriage, even if it
remains very low: sensitivity of 21.43% for a specificity of 98.23% on the test dataset (or
precision = 50% and recall = 21.43% for F1 = 30%).

4. Discussion
4.1. Rattus Diversity and Abundance

Rodent trapping confirms the widespread presence on Mahé Island of the two most
common invasive commensal rodents (RR and RN). The high trapping rate of RR (average
at 43.3% and highest at 60%) reflects its relative higher abundance compared to RN, which
was trapped less frequently (average of 3.8% and highest of 10.5%) and mostly in or close to
urban areas. In addition, the coexistence of both rat species tends to modify the frequency
of the two species due to competition, the presence of RN being correlated with less RR on
a site. This phenomenon has been demonstrated in studies on various animals, including
Rattus spp. [41,42].

Studies have shown that rodent trapping rate varies greatly over time. Sampling
twice does not allow us to understand the dynamics of rodent populations and studies
have shown that it is necessary to increase the number of trapping sessions over time, in
particular to better assess peaks in abundance [43]. However, our study focuses here on
capturing relative abundances and leptospires carriage. Spatially, trapping rates can be
very different from one country to another and from one setting to another. Recently in
Salvador, Brazil, a study reported 13.1% of RN trapping rate [44], to be compared to 1.5% in
Buenos Aires, Argentina [45]. The rat density seen on Mahé Island, Seychelles, could not be
estimated as this study was not designed to answer that question; however, high trapping
rates (47.1% for both Rattus spp.) suggest a high abundance. This is generally expected
on oceanic tropical islands due to the paucity of competitors and predators together with
an abundance of suitable habitats and food sources for rats during much of the year [46].
Of note, a survey carried out on La Réunion Island by the same trapping team led to a
trapping rate of 17.0% (808 RR and RN caught with 4762 trap-nights), hence suggesting that
rat abundance is particularly high in Seychelles, as previously reported by conservation-
oriented research programs on various Seychelles islands, such as the Aldabra Atoll, Mahé,
Frégate and other granitic islands [46–48].

4.2. Leptospira-Laden Rattus spp.

A higher Leptospira carriage in RN, compared to RR, is consistent with observations re-
ported in many other countries. In Thailand, a meta-analysis of several surveys on murine
rodents showed a prevalence of 20.8% (179/860) for RN compared to 5.8% (107/1858) for
Rattus tanezumi, a Rattus rattus lineage [49]. In addition, a meta-analysis of worldwide sur-
veys on Leptospira carriage in RN reported an average prevalence of 20–25% with possible
higher prevalence in specific countries [50], such as in a suburban area in Copenhagen,
Denmark, where 53% of RN were found infected with Leptospira spp. [51] and in slums
in Salvador, Brazil, where 88% of RN were infected [52]. Rarely, reverse trends have been
shown; in the Los Rios region of Chile, Leptospira infection was 20.7% (51/246) in RR
compared to 10.3% in RN, but the study was based on a small sample size (N = 29) [53].
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4.3. Rattus Characteristics in Relation to Infection Rates

Rats generally reach a larger size on tropical islands in view of the known island
rule ecological hypothesis, which negatively correlates body size to co-occurring mam-
malian species; for instance, Pacific islands have recorded gigantism in the invasive ro-
dent Rattus exulans [54]. Although not significantly different, size differences between
males and females were observed and may be related to the natural attribute of sexual
dimorphism [44].

Captured RR were homogeneous with a sex ratio close to one, a relatively large
number of juveniles and a homogeneous weight according to the seasons. In contrast, for
captured RN, males were caught in greater numbers than females, and very few young
were caught. This reflects the differences in behavior between the two species, with RN
females probably less mobile than RR females and a more conservative behavior for RN to
protect their progeny. Indeed, RN are social animals that live in groups in their burrows [55].
They groom each other and females help each other to raise the juveniles [32].

Rural rats generally grow at a lower rate compared to urban rats. This has been
postulated to be due to the relative abundance of nutritional sources compounded with
less competition for it, in urban areas compared to rural areas, as well as the abundance
of possible shelters afforded by urban landscapes [45,56,57]. This rapid reproductive
capacity allows RNs to quickly colonize spaces. Knowing that they have high Leptospira
prevalence, their population dynamics can create potential conditions for outbreaks or
latency of leptospirosis.

4.4. Environmental Factors in Relation to Rat Distribution and Infection Rates

Mahé is a hilly island, with protected natural parks on its heights and the most
populated areas on the coast. Trapping has revealed that rats are present on all sites,
distributed throughout the island. However, spatial distribution differs between the two
species. RR is the less selective species and is found at all altitudes and in all environments,
which corresponds to the known ecology of this commensal species [58]. Most RN were
trapped at lower altitudes in urban settings. It should be noted that these urban areas
include natural soil (an overlap also noted in the classification, “bare soils”), which is
therefore the ideal environment for RN, as it tends to create its own shelter by digging
burrows [59]. Rat movement has been shown to be restricted by food and shelter availability
as well as physical features such as roads and waterways [60]. Associated with the fact that
RN was relatively newly introduced [61], this may additionally explain the foci of RN in
these urban landscapes.

The ecology of the two investigated Rattus species may at least in part drive the
contrasting prevalence of infection observed, as RR is arboreal while RN nests in burrows,
hence probably more exposed to environmental Leptospira. The different distributions
of the two Rattus species, combined with a very high leptospires carrying rate in RN
(12 times higher than RR), make the distribution of leptospires in rats logically similar to
the heterogeneous distribution of RN. However, a few infected RR have been identified in
the southern part of the island, at the heights of La Reserve (1.7% infected) and Chemin
Dame le Roi (2.7% infected). No infected rats, however, were found in the extreme southern
part of the island, at Police Bay (where no RN were found). Considering the average
prevalence of infection of 4.4% in RR and the 98 samples tested at Police Bay, the probability
of having at least one positive rat is 98.7% according to the Poisson distribution. We can
therefore reasonably state that the RR population in the south of Mahé (and its environment)
is free of leptospires.

The distribution of leptospires, as found in these rats, could correspond to a specific
carrying capacity of the species and/or be related to the environmental factors that deter-
mine Leptospira survival during the environmental phase. For the first hypothesis, more
genetic studies would be required, but we can still see that in environments where preva-
lence is higher, it is high for both species. The second hypothesis seems more plausible,
with some environments being more favorable to the maintenance and transmission of
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leptospires. Our geospatial analyses have determined a selection of important factors
strongly correlated with an increasing Leptospira positivity in Rattus spp., including lower
elevation in relation to a specific distance range to dense urban areas and a higher distance
to forested areas, a proximity to surface water for RN, a more fragmented landscape,
and most of all, higher rainfall during the three months before trapping. Some of these
factors are also related to each other and, together, reflect anthropogenic disturbances,
peri-urban areas, low elevation and near-water environments. The influence of habitat
fragmentation on Leptospira positivity in both Rattus spp. can possibly be explained by the
increased availability of food, water and shelter presented by such landscapes, in which
density-dependent pathogen transmission could occur. Habitat fragmentation has been
shown to promote an increase in host rodent presence and in turn on their parasites [62]. In
Seychelles, fragmentation and urbanization seem to favor the presence of RN and Leptospira,
which also leads to RR becoming more contaminated in these environments.

Rainfall appears to be a major factor influencing the distribution and infection rates
of Rattus spp. The accumulation of water following rainfall may help transmission, as it
brings Leptospira-infected environments closer to animal hosts. The runoff of water towards
the coastal areas also accounts for the concentration of leptospires at lower elevations. The
nonlinear and lagged relationship between rainfall and human infection, as well as the role
of floods, has been previously shown [63]. Our study is consistent with what is known of
Leptospira infection of rats following rain [64]. However, the fact that it follows the same
lagged relationship as in humans is interesting.

The multivariate modeling confirms the importance of fragmentation and rainfall
variables, which are the most discriminating variables to differentiate between carrier
and healthy rats. Nevertheless, we need to integrate the species variable with these
environmental variables to obtain a predictive model of leptospires carriage. If the models
had been based only on environmental variables, we could have considered extrapolating
it spatially to the whole island to make a risk map.

Finally, it is important to note that a previous investigation comparing Leptospira
genotypes in both human acute cases and rodents in Seychelles has shown that rats can
be considered the source of human infection in only a third of acute cases [14]. Our study
confirms this previous result, as there is a poor overlap between the distribution of infected
rats and human acute cases (Figure 3). Nevertheless, more precise data on the places of
residence and infection of human cases over several years would be needed to compare
this study with human epidemiology. As leptospirosis is still of great medical importance
in this country, it is important to determine the environmental conditions that contribute to
its survival and the animal species that act as carriers or reservoirs, in order to implement
targeted control actions. Then, it would be interesting to complete this study at a microscale
with chemical measurements of the soils in these environments to see more precisely the
parameters that contribute to the survival of leptospires. Urban planning could be used
to mitigate rat abundance and maximize the efficiency of rodent control (for example, by
limiting landscape fragmentation) with the aim of reducing human contact with pathogens
like Leptospira [65]. In certain areas (e.g., La Misère village), control strategies to limit the
highly negative impact of rats on the autochthonous fauna and flora of Seychelles [47]
should be designed to also contribute to this goal, and both advantages should be promoted
to resident communities.

5. Conclusions

A geospatial analysis of infected and noninfected rodent reservoirs allowed us to
identify favorable environments for their presence. In the Seychelles, we showed the
major importance of Rattus norvegicus in fragmented environments and confirmed the
relationship with rainfall to explain leptospirosis carriage. This highlights that the use
of remote sensing for landscape observation and rainfall measurement can help identify
suitable environments to leptospires, which represent a risk for transmission to humans.
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This could help public health interventions strategies in the prevention and control of
leptospirosis cases.
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