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Abstract
Population genetic approaches may be used to investigate dispersal patterns of species living in highlyurbanized environment in order to improve management strategies for biodiversity conservation or pestcontrol. However, in such environment, population genetic structure may reflect both current features ofthe cityscape and urbanization history. This can be especially relevant when focusing on exotic commen-sal rodents that have been introduced in numerous primary colonial European settlements. Accountingfor spatial and temporal cityscape heterogeneity to determine how past and recent demographic eventsmay interplay to shape current population genetic structure of synanthropic rodents may provide usefulinsights to manage their populations. In this study, we addressed these issues by focusing on the housemouse, Mus musculus domesticus, in Dakar, Senegal, where the species may have been introduced assoon as Europeans settled in the middle of the nineteenth century. We examined genetic variation atone mitochondrial locus and 15 nuclear microsatellite markers from individuals sampled in 14 samplingsites representing different stages of urbanization history and different socio-economic environments inDakar. We used various approaches, including model-based genetic clustering and model-free smooth-ing of pairwise genetic estimates. We further linked observed spatial genetic patterns to historical andcurrent features of Dakar cityscape using random forest and Bayesian conditional autoregressive mod-els. Results are consistent with an introduction of the house mouse at colonial time and the currentgenetic structure exhibits a gradient-like pattern reflecting the historical process of spatially continuousexpansion of the city from the first European settlement. The genetic patterns further suggest that pop-ulation dynamics of the house mouse is also driven by the spatial heterogeneity of the current cityscape,including socio-economics features, that translate in habitat quality. Our results highlight the potentialimportance of accounting for past demographic events to understand spatial genetic patterns of nonna-tive invasive commensal rodents in highly urbanized environment.
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Introduction
Urbanization is a major environmental change and represents the land use that is the fastestgrowing (Bloom et al., 2008), especially in developing countries (Chen et al., 2014; Cohen, 2006).Urbanization is considered as an extreme type of habitat fragmentation that can lead to spatialisolation of small subpopulations or even to local extinction (McKinney, 2006; Munshi-Southet al., 2016). As a consequence, genetic drift is expected to be enhanced for numerous species,leading to a decrease of genetic diversity within local subpopulations and to an increase of ge-netic differentiation between them (Johnson and Munshi-South, 2017). However, the situationcan be quite different for species that are not limited to remnant patches of native habitat andcan easily inhabit, and disperse through, a diversity of urban infrastructures (Combs, Kaylee AByers, et al., 2018; Combs, Puckett, et al., 2018).Invasive rats and mice are archetypal commensals and a major concern for public health,food security and biodiversity all around the world (Angel et al., 2009; Meerburg et al., 2009;Parsons et al., 2017; Singleton, L Hinds, et al., 2003; Singleton, Jacob, et al., 2015). Rodent con-trol actions are costly, and classical control protocols, relying mostly on poisoning, have provento be quite inefficient in reducing urban rodent densities in the long term (Parsons et al., 2017;Richardson, Burak, et al., 2017). It is now recognized that the development of more efficientmanagement strategies requires a better understanding of urban rodent evolutionary ecology(Kaylee Aileen Byers et al., 2019; Combs, Kaylee A Byers, et al., 2018; Feng and Himsworth,2014; Makundi and Massawe, 2011; Parsons et al., 2017; Singleton, Lyn A Hinds, et al., 1999)and notably of variations in gene flow (Combs, Kaylee AByers, et al., 2018; Combs, Puckett, et al.,2018; Gardner-Santana et al., 2009; Johnson andMunshi-South, 2017; Kajdacsi et al., 2013; Par-sons et al., 2017; Richardson, Burak, et al., 2017). For instance, identifying genetic clusters canallow defining meaningful spatial units for control actions (Combs, Kaylee A Byers, et al., 2018;Kajdacsi et al., 2013; Richardson, Burak, et al., 2017). As anticoagulant resistance can rapidlyreach high frequency within local rodent populations (Berny et al., 2018), knowledge on spatialpatterns of gene flow can also help in predicting the risk at which resistance alleles can spreadacross a cityscape (Haniza et al., 2015). So far, population genetic studies of urban rodents havemostly focused on the brown rat (Rattus norvegicus). Several of these studies showed that geneflow occurs at a sufficient rate to limit genetic drift and that spatial genetic variation tends to beorganized under isolation-by-distance (IBD) resulting from both the spatially restricted dispersaland social behavior of this species (Combs, Kaylee A Byers, et al., 2018; Combs, Puckett, et al.,2018; Gardner-Santana et al., 2009). Beyond this general trend, spatially explicit analyses havealso revealed sharp genetic discontinuities at relatively small spatial scales (Combs, Puckett, etal., 2018; Richardson, Burak, et al., 2017). Such genetic breaks have been attributed to physicalbarriers to dispersal (waterway in Baltimore, USA – Gardner-Santana et al., 2009; roads and to-pography in Pau de Lima, Salvador, Brazil – Kajdacsi et al., 2013; Richardson, Burak, et al., 2017)or spatial heterogeneity in habitat quality that impacts local population size (resource availability
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varying with socioeconomic features of urban infrastructures, Manhattan, USA – Combs, Puck-ett, et al., 2018). The need to integrate socioeconomic features of the urban environment inpopulation dynamic and genetic studies of commensal rodents is advocated by previous worksthat have shown that areas with poor housing conditions (including building material quality,sanitation status within and outside the houses) and commercial premises are more prone to ro-dent infestations than high-standing residential or touristic areas (Adrichem et al., 2013; KayleeAileen Byers et al., 2019; Combs, Kaylee A Byers, et al., 2018; Jassat et al., 2013; Lambert etal., 2017; Lucaccioni et al., 2016; Masi et al., 2010; Santos et al., 2017). In addition to currentfeatures, spatial genetic patterns may also reflect past demographic events related to cityscapeevolution during the historical timeframe of urbanization (SE Harris et al., 2016; Lourenço et al.,2017). This can be especially relevant for non-native invasive commensal rodents that were in-troduced in numerous primary colonial European settlements, which grew into cities during andafter the period of colonial expansion (Aplin et al., 2011; Jones, Eager, et al., 2013; Puckett et al.,2016).In this study, we investigate how the interplay between the current and historical featuresof the cityscape of Dakar, Senegal, may have impacted the spatial pattern of genetic variationof the house mouse, Mus musculus domesticus, a major invasive rodent pest recorded in citiesof all continents. This subspecies from the Mus musculus complex originates from South-WestAsia (Suzuki et al., 2013), and became commensal during the initial settlements of humans in theMiddle East at circa 10,000 BC (Cucchi et al., 2012). From there, it has expanded its distributionto reach a cosmopolitan range (Bonhomme and JB Searle, 2012). Several phylogeographic stud-ies have shown that its colonization history is strongly related to human migration patterns atdifferent timescales (Jones, Eager, et al., 2013). The house mouse may have been introduced inDakar as soon as it was settled by Europeans in the middle of the nineteenth century (Lippens etal., 2017). The city has then been continuously growing since European settled at the southernend of the Cap-Vert peninsula. From the late nineteenth century to the First World War, urbandevelopment was driven by the will to improve commercial links between France and its WestAfrican colonies (DA Harris, 2011). This led to the early creation of a commercial area aroundthe port that further expanded along the railway that connected Dakar to Saint-Louis (the capitalcity of former French West Africa in the North-West of Senegal) in 1885. The spatial expansionof Dakar has accelerated after World War II and, in absence of sound urban planning, has re-sulted in a fragmented urban matrix in terms of economic activities and housing, e.g. residential,planned, spontaneous legal and spontaneous illegal housing (Borderon et al., 2014; Diallo et al.,2012). Today, the city is the political, cultural and economic capital of Senegal (Rouhana et al.,2015). It is also one of the leading industrial, financial and service center of West Africa, and amajor seaport of the western African coast.We used two different types of genetic markers to characterize the genetic variation of thehouse mouse in Dakar: sequences from the mitochondrial DNA control region (D-loop), and15 nuclear microsatellites. Data on the D-loop, which is the only molecular marker for whichsubstantial data are available over the entire distribution of the taxon (Lippens et al., 2017),were used to further investigate the geographic origin of house mouse populations introducedin Dakar. Microsatellite data, which enable to characterize fine-scale genetic patterns, were usedto determine whether spatial genetic structure is rather consistent with an isolation-by-distanceprocess or with well-defined genetic units (in the sense of model-based genetic clustering). Wefurther investigated to which extent considering both the current features of the cityscape andhistorical information on the urbanization process may help to explain the spatial pattern ofgenetic variation of the house mouse in Dakar.
Material and Methods

Study area.
Dakar is located on the Cap-Vert peninsula on the Atlantic coast (14.6927°N, 17.4466°W)(Fig. 1). It has a tropical climate with a rainy season from June to October, average annual rainfallof ca. 500 mm, and average temperatures between 17–31°C.
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Figure 1 – Historical and current Dakar cityscape

Historical cityscape is represented by a time series of 12 maps depicting the spatial ex-pansion of Dakar between 1862 and 2018. The location of the first European settle-ment is represented with a red dot on the 1862 map while the black and grey polygonsrepresent build-up areas, depending on whether they are connected or not to the firstEuropean Settlement. For each map the coastline corresponds to the current one. Thelocalization of the old fishermen villages of Ouakam, Yoff and Ngor is indicated on thefirst historical map. Current cityscape of Dakar is based on historical information and re-sults of the spatial PCA performed on the 100×100m resolution raster of the typology ofsocioeconomic habitats retrieved from Borderon et al. (2014) – see Supplementary mate-rial, section 1 for details. The study area for the house mouse is delineated with a dashedline. Circles indicate sampling sites (with their code) with a diameter depending on thespatial distribution of sampled individuals. Small insets, which represent the location ofSenegal and Dakar, were generated using data from Natural Earth (public domain).

The development of the city has gone through several stages (Fig. 1). The first colonial settle-ment was founded in 1621 on Gorée Island (Sinou, 1993). At this period, the Cap-Vert peninsulawas settled by an ethnic group called Lebou, distributed in small villages on the coast. The southcape of the Peninsula (actual Plateau district) has been colonized by Europeans since 1857, butthe urban settlement actually began with the achievement of the railway from Saint-Louis toDakar in 1885 (Sinou, 1993). At the independence in 1960, the city covered only the southernhalf of the Cap-Vert peninsula (Salem, 1981; Vernière, 1973). It then extended rapidly to includethe ancient fishermen villages of Ouakam, Yoff and Ngor located in the North and to eventuallycover the whole peninsula. This urban expansion was related to a considerable demographicgrowth, like in many other cities of the developing countries (Cohen, 2006). For instance, the
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population of Dakar city increased from 530,000 inhabitants in 1976 (Pélissier, 1983) to 1.15million in 2013 (ANSD, 2016).
Spatio-temporal pattern of urbanization.

The spatio-temporal dynamics of urbanization in the Cap-Vert peninsula was assessed using:(i) historical data to identify the localization of built-up areas at twelve time points over a 156year-period, from 1862 to present, and (ii) results of a recent classification of Dakar socioeco-nomic habitats based on satellite images and census data from Borderon et al. (2014) to describethe current features of the cityscape.Historical data were gathered from eleven historical maps and one recent map that wereretrieved from various web sources or from paper maps provided by the Senegalese national ge-ographical institute. All images were georeferenced as "rasters" using the QGis software (Team,2018). As coordinates were not always available or reliable, easily identifiable features such ascoastlines, major road crossings and outstanding buildings were used as control points for thegeoreferencing process (see Appendix). Once georeferenced, built-up areas from eachmapwerehand digitized as polygons, tagged as "built-up", and adjacent polygons were merged. We usedthe citymap of 1862 (Fig. 1) to determine the localization of the first European settlement (spatialcoordinates: 14.67210°N; 17.42923°W). For each of the 12 maps, the "built-up" polygons thatoverlapped the coordinates of the first European settlement were also tagged as "connected".The tags "built-up" and "connected" attributed to the polygons were then used to define twohistorical variables that can be computed within any kind of spatial unit: (e.g. raster or grid cells,spatial buffers). The first variable informs on the date at which a spatial unit can be consideredas urbanized. This date was determined as that of the first historical map on which the "builtup"polygons cover at least 5% of the surface of the spatial unit at hand. The second variable pro-vides temporal information on the spatial expansion of the city from the first European settle-ment. Based on the historical maps, a date of connection was attributed to each spatial unit byconsidering that at least 5% of the surface has to be covered by polygons tagged as "connected".We then computed the time period elapsed between the year at which most of the mice weresampled (2016) and both the year at which a spatial unit was considered as built-up and as con-nected to the first European Settlement. These time periods were rescaled between 0 and 1 forfurther analyses and thereafter referred to as the historical variables "Built-up" and "Connection",respectively.To describe the current features of the cityscape within the peninsula, we used six socio-economic classes defined by correlating the habitat typology proposed by the United Nations(UN-Habitat, 2008) and the results of an ascending hierarchical classification, applied on censusdata of population wealth, that was related to the urban morphology of Dakar based on clas-sification analyses of SPOT 5 images recorded in September 2007 (see Borderon et al., 2014,for details). These classes, presented in Table 1, distinguish: 1) Regular planned housing of goodquality (apartments and high-rise houses) mainly located in the oldest part of the city and benefit-ing from infrastructures such as water supply networks, sewers, waste removal; 2) the scatteredvillage-like habitat with a high density of small low-rise houses with no clear delineations; 3)the regular and 4) irregular spontaneous habitats, which correspond to different waves of sub-urban development between the sixties and the nineties, 5) the more recent development ofhigh-standing residential areas and 6) areas mainly devoted to commercial and industrial activ-ities that have been expanding from the harbor since the first European settlement. As highlyvegetated areas may constitute a very unfavorable habitat (desert resource, Combs, Puckett, etal., 2018) for the house mouse, which is strictly synanthropic in Senegal (Dalecky et al., 2015),we also extracted information on vegetation occurrence to describe the cityscape of Dakar (Sup-plementary material, section 1, Fig. S1.1). The proportion of each land cover class was retrievedfor each pixel of a 100×100m resolution raster. Due to the successive urbanization policies ofDakar since the colonial period, some features of the current cityscape are spatially highly imbri-cated, i.e. they strongly co-vary in space (see section 1 in Supplementary material for historicalinformation on the development of the city). To account for such spatial dependencies between
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Table 1 – Characteristics of the land cover classes describing Dakar current cityscape

Initial land cover classes Characteristics Final landcoverclassesOld city blocks Regular planned housing with concrete roadsand no sand. Good equipment (water supply net-works, sewers) and good accessibility. Mainlyapartments and high-rise houses, old and com-mercial district.Socio-economic status: mainly high

Old city

Village-like Anarchic habitat scattered along the peninsula,characterized by a high density of buildings,small plots, low-rise houses and sandy narrowroads. Typically, traditional fishing villageswhereinhabitants have always maintained customarylaw on the land.Socio-economic status: poor to medium highRegular spontaneous Approved self-building. Grid area with tarredroads between subdivisions and sand roads be-tween land plots. Predominance of multi-storey,solid houses, often concrete.Socio-economic status: poor to medium high

Spontaneous

Irregular spontaneous Unplanned housing, often occurring withoutproperty title, resulting from important rural mi-gration and moves from downtown during therapid city sprawl in the 1970s and 1980s. Ve-hicle accessibility to these areas, often called"floating neighborhoods", is difficult due to nar-row sandy streets and flooding. No equipment.Socio-economic status: mainly poorHigh standingresidential Individual two-storey houses, villas with gardensor secured residences. High quality equipmentand facilities.Socio-economic status: mainly medium high

Residential

Industrial areas Mainly non-residential areas with large ware-houses, factories, or official administrative build-ings.Socio-economic status: poor and medium

Industrial

Vegetation Grass, bush or tree cover mixed or not with var-ious type of bare ground such as concrete orsand.
Vegetation

These characteristics were determined by Borderon et al. (2014) using satellite images,UN habitat typology and census data on population wealth. Merging of the initial landcover classes based on the spatial multivariate analysis and historical information is pre-sented in the column "Final land cover classes"
.

land cover variables, we used a multivariate spatial analysis based on Moran’s index and imple-mented in the R (R Core Team, 2019) package "adespatial" (Dray et al., 2017). This approachallows introducing a spatial constraint on a Principal Component Analysis (PCA) through thedefinition of a spatial weighting matrix, i.e. a connection network, used to compute Moran’s spa-tial autocorrelation statistic (MULTISPATI-PCA; Stéphane Dray et al., 2008). MULTISPATI aims
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Table 2 – Characteristics of the sampling sites ofMus musculus domesticus in Dakar, Senegal.
Site code latitude longitude N ρ ar Hs FIS nmt HD − loopHann pêcheur HPE 14.724035 -17.429230 47 0.043 4.60 ± 1.21 0.64 ± 0.15 0.16 3 H1Ouakam OKM 14.723088 -17.490068 46 0.108 4.65 ± 1.52 0.58 ± 0.18 0.20 4 H1Ngor NGR 14.748939 -17.517352 31 0.129 4.42 ± 1.13 0.57 ± 0.16 0.23 4 H1Park of Hann PAH 14.726967 -17.434613 19 -0.021 4.67 ± 1.68 0.64 ± 0.17 0.14 — —Yoff YOF 14.757200 -17.473321 31 0.054 4.86 ± 1.86 0.60 ± 0.22 0.23 4 H1Plateau-Rebeuss PRB 14.672396 -17.442259 54 0.030 5.71 ± 1.55 0.64 ± 0.13 0.26 — —Plateau-Faidherbe PFD 14.674027 -17.436326 39 0.032 5.52 ± 1.73 0.66 ± 0.14 0.11 4 H2/H16Port of Dakar POR 14.683414 -17.430436 29 0.001 6.11 ± 2.21 0.67 ± 0.16 0.16 8 H1/H16Grand Dakar GDK 14.704387 -17.455356 34 0.056 5.09 ± 1.44 0.59 ± 0.18 0.24 — —Patte d’Oie PDO 14.748332 -17.437953 39 0.036 5.08 ± 1.77 0.68 ± 0.11 0.30 — —Colobane CBN 14.695814 -17.444924 45 0.040 4.84 ± 1.46 0.65 ± 0.12 0.16 — —Gueule Tapée GTP 14.680193 -17.458608 43 0.046 4.86 ± 1.36 0.61 ± 0.15 0.30 4 H1/H2/H17Gorée Island IDG 14.667140 -17.398320 72 0.201 3.16 ± 0.91 0.44 ± 0.19 0.26 9 H1/H18Sacré Cœur 3 (2014) DAK 14.717635 -17.463809 28 0.077 4.77 ± 1.61 0.58 ± 0.19 0.31 5 H1/H2

For each site, are indicated: the latitude and longitude (decimal degrees), the numberof mice genotyped at microsatellite markers (N) and sequenced for the mitochondrial D-loop (nmt ). Formicrosatellite data, the table includes an estimation of themedian pairwisekinship coefficients (ρ, Loiselle et al., 1995), allelic richness (ar ), Nei’s unbiased geneticdiversity (Hs ) and inbreeding coefficient (FIS ). For mitochondrial data, the table includesD-loop haplotypes names, according to Lippens et al. (2017) (HD − loop).

at maximizing the product between the variance and the spatial autocorrelation of the scoresrather than just the variance as for classical PCA. Here, we used a minimum spanning tree todefine the connection matrix between the 100×100m pixels. The significance of the observedstructure was tested using a Monte Carlo test (10,000 permutations). Based on both the resultsof the spatial PCA and historical information, we merged some of the land cover classes (seeResults section).
Sampling.

Within Dakar, we selected 14 sampling sites separated from each other by a median distanceof 5850m (min: 660 m; max: 15,690 m) (Table 2; Fig. 1). They were chosen to represent differentstages of the urban history and different habitats (Table 1 and Supplementary material, section1). Three sites were located in the first urban areas developed by Europeans in Gorée Island(IDG) or in the extreme South of the Cap-Vert peninsula (PRB and PFD). POR corresponds tothe commercial harbor of Dakar. GTP corresponds to a first main extension of the city that wasdeveloped in 1914 for the indigenous population during a plague epidemic (M’bokolo, 1982).GDK, CBN, and PDO are within districts that were built since 1940. DAK corresponds to thedistrict of Sacré-Cœur founded in 1960 at the heart of the Cap-Vert peninsula. YOF, OKM, NGRand HPE are inside traditional fisherman villages of Lebou that have been successively absorbedby the urban development after 1960. The sampling site PAH is located within the public and zo-ological park of Hann. Fieldwork was carried out under the framework agreements establishedbetween the Institut de Recherche pour le Développement and the Republic of Senegal, as wellas with the Senegalese Head Office ofWaters and Forests, and theMinistry of Health and of theSocial Action. Handling procedures were performed under our lab agreement for experimentson wild animals (no. D-34-169-1), and follow the official guidelines of the American Society ofMammalogists (Sikes and Gannon, 2011). Trapping campaigns within district were systematicallyperformedwith prior explicit agreement from relevant local authorities. Samplingwas performedin 2016, except the Sacré Coeur district (DAK), which was sampled in 2014 for a previous study(Lippens et al., 2017), according to a standardized protocol described in Dalecky et al. (2015).Each sampling site was the focus of one live trapping session of 2 to 5 consecutive days, in orderto reach the target sample size of a minimum of 20 captured house mice on a median surface of0.04 km2 (min: 0.01, max: 1.51; the maximum value concerned POR). In general, two traps (onewire-meshed trap and one Sherman trap) were set per roomor courtyard in buildings correspond-ing to dwelling houses, boutiques, workshops, offices or warehouses, and whose location was
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precisely recorded with a GPS device. In POR, trapping was done inside and around 19 officesand warehouses (between 5 and 20 pairs of traps per warehouse). Rodents were brought backto our laboratory, euthanized by cervical dislocation, weighted, sexed and measured the sameday. House mouse (easily distinguishable morphologically from other rodent species) was thedominant rodent species in all sampling site. A piece of tissue (hind foot) for each adult mousewas stored in 95% ethanol for molecular analyses.
Laboratory analyses.

For the 529 mice sampled, genomic DNA was extracted from tissues using the DNeasyBlood & Tissue Kit (QIAGEN) according to the manufacturer’s protocol.The 876 bp the complete D-loop sequence was amplified for 40 mice sampled within eightof the sampled sites (from three to nine mice from distant houses per site, Table 2).We used PCRprimers and conditions described in Rajabi-Maham et al. (2008). PCR products were sequencedin both directions by Eurofins MWG (Ebersberg, Germany).Genotyping was performed for the 529 mice sampled using 15 nuclear microsatellites loci(D1Mit291, D2Mit456, D3Mit246, D4Mit17, D4Mit241, D6Mit373, D7Mit176, D9Mit51, D10-Mit186, D11Mit236, D14Mit66, D16Mit8, D17Mit101, D18Mit8 andD19Mit30: available fromthe MMDBJ database: http://www.shigen.nig.ac.jp/mouse/mmdbj/top.jsp), according toLippens et al. (2017).
Mitochondrial sequence analysis.

All 40 D-loop sequences (731 bp) from this study were aligned with 119 sequences fromSenegal (including five sequences from DAK), published by Lippens et al. (2017), and with 1958sequences retrieved from GenBank: 1672 whose references were compiled in Lippens et al.(2017) and 168 published in other studies (Castiglia et al., 2005; Förster et al., 2009; Gabrielet al., 2011; García-Rodríguez et al., 2018; Jones, Jóhannesdóttir, et al., 2011; Jones, Skirnisson,et al., 2012; King, 2016; MacKay et al., 2013; Solano et al., 2013; Storz et al., 2007). Sequencesalignment was performed using the ClustalWmultiple alignment in Bioedit v7.2.6 software (Hall,1999). Haplotypes were identified with DNA Sequence Polymorphism v6.10.01 software (Rozaset al., 2017). Those found in Dakar were classified following the haplogroup nomenclature de-fined by François Bonhomme et al. (2010). The haplogroups found in this study have alreadybeen found from house mice sampled in Senegal and included in the phylogenetic analysis con-ducted by Lippens et al. (2017). A phenogram was constructed using median joining networkcalculations implemented in NETWORK v5.0.0.1. (http://www.fluxus-engineering.com) onhaplotypes from Senegal, in order to illustrate their relative frequency and relatedness.
Microsatellite analysis.
Genetic diversity and differentiation. Population genetic analyses were done on a dataset com-prising 557 house mice (Table 2: 529 mice sampled for this study; 28 mice from DAK genotypedin Lippens et al. (2017) using the same markers). Deviations from Hardy-Weinberg Equilibrium(HWE) and genotypic linkage disequilibrium (LD) were tested by locus and by sampling site us-ing GENEPOP v4 (Francois Rousset, 2008). Corrections for multiple tests were performed usingthe false discovery rate (FDR) approach (Benjamini and Hochberg, 1995) implemented in theBioconductor’s qvalue R package (Storey, 2002). Heterozygote deficiencies are often found inhouse mouse populations and are classically attributed to their social system (Ihle et al., 2006).We calculated the kinship coefficient (ρ, Loiselle et al., 1995) between all pairs of individualswithin sampling sites, using SPAGeDI v1.4 (Hardy and Vekemans, 2002), in order to evaluatewhether heterozygote deficiencies in the dataset may be due to the oversampling of closely re-lated individuals or to the pool of individuals sampled from different social groups (Parreira andChikhi, 2015). Genotype data from all localities were used as the dataset of reference for allelicfrequencies. We also examined whether null alleles may alternatively explain heterozygote de-ficiencies, by estimating null allele frequencies for each sampling site at each locus using thesoftware FreeNA (Marie-Pierre Chapuis and Estoup, 2006).

8 Claire Stragier et al.

Peer Community Journal, Vol. 2 (2022), article e11 https://doi.org/10.24072/pcjournal.85

http://www.shigen.nig.ac.jp/mouse/mmdbj/top.jsp
http://www.fluxus-engineering.com
https://doi.org/10.24072/pcjournal.85


For each sampling site, genetic diversity was estimated using the expected heterozygosity
Hs (Nei, 1987), the inbreeding coefficient (FIS ), and the allelic richness (ar ) calculated using therarefaction procedure implemented in FSTAT v. 2.9.3 (Goudet, 2001) for a minimum sample of19 diploid individuals. Genotypic differentiation among sampling sites was tested using Markovchain methods in GENEPOP (using the FDR approach to correct for multiple tests). Geneticdifferentiation between sampling sites was summarized by calculating pairwise FST estimates(Weir and Cockerham, 1984) using FSTAT.

Under a model of isolation by distance (IBD), genetic distance between populations is ex-pected to increase with geographical distance (François Rousset, 1997). IBD was analyzed byregressing pairwise estimates of FST/(1−FST ) against between-sites log-transformed geograph-ical distances. Mantel tests were performed to test the correlation between genetic differentia-tion and Euclidean geographical distance using GENEPOP (10,000 permutations). We used themodel-based clustering approach implemented in STRUCTURE v. 2.3.4 (Pritchard et al., 2000),in order to estimate the potential number of homogeneous genetic groups (K) in the data set.The analyses were performed with a model including admixture and correlated allele frequen-cies (Falush et al., 2003). We performed 20 independent runs for each K values (from K=1 to10). Each run included 500,000 burn-in iterations followed by 1,000,000 iterations. The num-ber of genetic groups was inferred by the deltaK method applied to the log probabilities of data(Evanno et al., 2005). We checked that a single mode was obtained in the results of the 20 runsfor all K-values explored, using the Greedy Algorithm implemented in CLUMPP v. 1.2.2 (Jakob-sson and Rosenberg, 2007). Bar plots were finally generated with DISTRUCT v. 1.1 (Rosenberg,2004). IBD and STRUCTURE analyses were performed with and without the IDG samples, in or-der to analyze the spatial pattern of genetic variation apart from the effect of the geographicalisolation of the island.

Spatial patterns of genetic variation and cityscape heterogeneity. The relationship between the spa-tial patterns of genetic diversity and differentiation and the spatio-temporal urbanization processwithin the Cap-Vert peninsula (i.e. Gorée Island, locality IDG, was excluded from the dataset)was analyzed using both a punctual (i.e. population-based genetic estimates) and pairwise (i.e.pairwise genetic estimate) approach. For the punctual approach, we considered three geneticestimates for each sampling site: the allelic richness, the expected heterozygosity and a local-
FST value. The latter was computed using the program GESTE (Foll and Gaggiotti, 2006) andrepresents the average level of differentiation of one site from all the others. To relate thesegenetic estimates to the characteristics of the cityscape in the surrounding of each sampling sitewe used nested circular buffers, of radius equal to 300m, 600m, 1000m and 1500m, centeredon the barycenter of the individual coordinates at each site. The value of each cityscape variablewas computed as detailed in the section "Spatio-temporal pattern of urbanization". In order toaccount for collinearity between nested variables, values within any buffer "i" corresponded tothe difference between the values of the variables computed within "i" and within the buffernested within "i" (Marston et al., 2014). For each buffer size, we computed pairwise Spearmancorrelation coefficients between all variables. The relationships between nested cityscape fea-tures and punctual genetic diversity and differentiation indices (ar , Hs and local-FST ) were thenexplored using the Random Forest (RF – Breiman, 2001) algorithm "cforest" implemented in theR packages "party" (Hothorn et al., 2005). This approach allows computing conditional permu-tation importance values that limit the bias toward the systematic selection of variables thatare highly correlated to really significant predictors while being actually independent to the re-sponse variable (Strobl, Boulesteix, et al., 2008; Strobl, Hothorn, et al., 2009). Analyses weredone considering different value (2 to 13) for the "mtry" parameter, which controls the numberof variables to possibly split at in each node. For each value of "mtry", 20 replicates were per-formed using different seed values. The shape of the relationship between genetic estimatesand each cityscape feature were determined from partial dependence plots. We also used the Rpackage "ranger" (Wright, Ziegler, et al., 2017) to estimate variable importance p-values basedon unconditional RFs (see Supplementary material, Section 3 for details on RFs analyses).
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For the pairwise approach, we used the MAPI method, which has a low sensitivity to IBDand is not based on a predefined population genetic model (Piry et al., 2016, implemented in theR package "mapi"). MAPI is a smoothing-like procedure applied on pairwise genetic measureswhich are attributed to a network of ellipses linking the sampling points. The method producesgeographical maps representing the spatial variation in the average level of genetic differentia-tion between sampled localities. MAPI was run using FST values computed between all pairs oflocalities to build the spatial genetic network of ellipses. To account for the dispersion of individ-uals within each of the 13 sampled sites, an error circle radius of 300mwas applied to the spatialcoordinates of all sites, except for the harbor "POR" (radius = 1000m) and the Hann park "PAH"(radius = 500m). A grid of 243 hexagonal cells with a half-width of 310m was superimposed onthe study area. This resolution was determined by setting the "beta" parameter to 0.25 in theMAPI analysis in respect of the Nyquist-Shannon sampling theorem under a situation of randomsampling (see Piry et al., 2016, for further details). Each cell received the weighted arithmeticmean of the FST values attributed to the ellipses intercepting its geographical extent. The meanwas weighted using the inverse of the ellipse areas to limit long distance effects (i.e., IBD). Theeccentricity value of the ellipses, which controls the smoothing intensity, was set to the defaultvalue of 0.975 (see Piry et al., 2016, for further details on the effects of this parameter). We usedthe permutation procedure (10,000 permutations), along with the FDR approach as described inPiry et al. (2016), to identify major areas of high genetic continuity and discontinuity. The MAPIgrid was then superimposed on the layers describing the historical and current cityscape andthe value of each variable within each cell of the grid was computed as detailed in the section"Spatio-temporal pattern of urbanization". As for the punctual approach, Spearman correlationcoefficientwas calculated for all variable pairs associated to the cells of theMAPI grid. To identifywhich cityscape features can better explain variations in MAPI smoothed-FST values we usedconditional RFs, considering different seed and "mtry" (2 to 5) values, to analyze 100 indepen-dent training datasets built by randomly subsampling 50% of the MAPI grid cells. Result fromeach training dataset was used to predict smoothed-FST within the remaining MAPI cells (i.e.not included in the training dataset). Model accuracy was assessed by computing the Pearsoncorrelation coefficient (r) between predicted and observed MAPI smoothed-FST as well as theR2 and RMSE (root mean square error).Finally, we used a conditional autoregressive model (CAR) to further analyze the relation-ships between MAPI smoothed-FST values and the cityscape variables computed within eachcell. To account for spatial autocorrelation, the error term of the model was assumed to havea conditional intrinsic Gaussian autoregressive (CAR) distribution (Besag et al., 1991) with aninverse-distance neighborhood weight matrix. The model was fitted in a Bayesian frameworkwith an INLA approach (Blangiardo and Cameletti, 2015) using the R-INLA package (Martins etal., 2013) (specification of the model for R-INLA is provided in Supplementary material, Section3). Bayesian inference resulted in posterior densities for all predictors from which significancewas assessed with a threshold of 0.05. To evaluate the fit of the model to the data we computedthe Pearson correlation coefficient (r) between predicted and observed values as well as the Con-ditional Predictive Ordinate (CPO) and Probability Integral Transformation (PIT) values (see Heldet al., 2010).We checked for the occurrence of extremely small values of CPO indicating unlikelyobservations under the fitted model. We used a Kolmogorov-Smirnov test to confirm that PITvalues did not significantly depart from a uniform distribution as expected if model assumptionsare correct. As numerical problem can occur when computing CPO and PIT, the "inla" function ofthe R-INLA package provides ameasure of the reliability of each value which is scaled between 0and 1 (values far from 0 indicate that for a given observation, the corresponding predictive mea-sure is not reliable). Finally, we also checked that model residuals were not overly structured inspace. MAPI is a smoothing procedure that performs better when the sampling maximizes thespatial coverage of the study area (Piry et al., 2016). To evaluate whether the observed geneticstructure can be biased, due to the smoothing of a relatively small network (i.e. clumped sam-pling of 13 localities in the Cap-Vert peninsula), we applied the approach combining the MAPIanalysis and Bayesian CAR model on: 1) individual microsatellites genotypes simulated under alandscape configuration corresponding to a spatial gradient from a favorable to an unfavorable
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habitat as fully described in Piry et al. (2016), and 2) subsampling of the initial dataset, with anumber of sampling sites (N) varying from 6 to 12 (see Supplementary Material, section 4, fordetails on the simulation and subsampling framework).
Results

Spatio-temporal pattern of urbanization.
The Monte-Carlo permutation test of the MULTISPATI-PCA performed on the seven initialland cover variables describing the current cityscape was highly significant (p<0.001). The firsttwo axes of the spatial PCA explained about 50% of the variance. The first axis strongly reflectedthe opposition between the occurrence of highly vegetated areas in the western part of the cityand very dense urbanized areas in the eastern part. The second axis showed the strong spatialcorrelation between the land cover classes "Old city blocks" and "Village-like" on one side andbetween the classes representing the "Regular spontaneous" and "Irregular spontaneous" habi-tats on the other side (Supplementary material, Section 1, Figs. S1.1, S1.2 and S1.3, Tables S1.1and S1.2). Based on the results of both the spatial PCA and historical information (see Supple-mentary material, section 1), we merged the spatially imbricated land cover classes "Old cityblocks" and "Village-like" into a single class called "Old city" and the classes "Regular sponta-neous" and "Irregular Spontaneous" into a same class called "Spontaneous". Five variables ("Oldcity", "Spontaneous", "Residential", "Industrial" and "Vegetation") were then retained to charac-terize the current cityscape in further analyses (see Table 1 and Fig. 1).

Mitochondrial sequence analyses.
There were nine variable sites defining five haplotypes (mean haplotype diversity: 0.264 ±0.313;mean nucleotide diversity: 0.003± 0.005; Fig. 2; Table 2) among the 45D-loop sequencesof house mice from Dakar (40 sequences from this study, five sequences from Lippens et al.,2017). Two haplotypes corresponded to haplotypes H1 (80% of the individuals) and H2 (9% ofindividuals) previously found by Lippens et al. (2017) to be major D-loop haplotypes in Sene-gal: they belonged to the haplogroups HG11 and HG4, respectively (Bonhomme and JB Searle,2012). H1 was found in all sampling sites except PFD, and H2 in three sampling sites (DAK, GTPand PFD). Both haplotypes had been reported at relatively high frequencies in different part ofthe world, notably Western Europe (Supplementary material, section 2, Table S2.1). The threeother haplotypes (H16, H17 and H18) were not previously found in Senegal. H17 (2.2% of in-dividuals, only found in GTP) and H18 (2.2% of individuals; only found in IDG) were separatedfrom H1 by only a few mutational steps (3 and 1, respectively) and belonged also to HG11 (Fig.2A). H16 (6.7% of the individuals) was found in POR and PFD and belonged to haplogroup HG1that was already found in one individual of Saint-Louis, North Senegal (Lippens et al., 2017),and in some localities from Western Europe and Canaries Islands (Supplementary material, sec-tion 2, Table S2.1). Haplotype diversity was greater in sampling sites of the southern part of theCap-Vert peninsula (Table 2; Fig. 2A).

Microsatellite analyses.
Genetic diversity and differentiation. Linkage disequilibrium was significant for 10 of the 1470tests performed (0.7%) and the significant values involved different pairs of loci. The 15 lociwere thus considered to be genetically independent. None of the loci were at Hardy-Weinbergequilibrium after FDR correction, and positive FIS values were obtained at all sites (Table 2;Supplementary material, section 2, Table S2.2). The locus D4m17 displayed 11 null genotypes,and its mean FIS (0.31) was significantly higher than those of the other loci (mean FIS = 0.22,95%CI = [0.20;0.24]). This suggested the occurrence of null alleles at this locus. The mean nullallele frequency estimated with FreeNA for D4m17 was, however, sufficiently low (0.12) to notsignificantly affect estimates of genetic diversity and differentiation (Chapuis et al., 2008; Marie-Pierre Chapuis and Estoup, 2006). Hence, this locus was conserved for further analyses. Nullalleles were unlikely to explain heterozygote deficiencies at other loci, since only a small num-ber of null genotypes were observed (0-2 per locus). Within sampling sites, the median kinship
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Loiselle coefficient ρ calculated between all pairs of individuals ranged from -0.021 to 0.201, thehigher value being found for IDG (Table 1). Distributions of ρ within sites were largely unimodal(Supplementary material, section 2, Fig. S2.1) and globally zero-centered. This suggests that theobserved deviations fromHardy-Weinberg equilibrium result from the presence, within each site,of several social groups from which a few individuals have been sampled, rather than a strongfamily effect due to the oversampling of highly related individuals from only one or a few of thesegroups (Karine Berthier et al., 2016; Dobson et al., 2007; Parreira and Chikhi, 2015). Allelic rich-ness (ar ) ranged from 3.16 to 5.71 (mean 4.88 ± 0.68), Hs from 0.44 to 0.68 (mean 0.61 ± 0.06),and FIS from 0.11 to 0.31 (mean 0.21 ± 0.01) per sampling site (Table 1). Genotypic differentia-tion was significant between all sampling sites (χ2
(30) = 478.27; P = 0.0001). Pairwise FST values

ranged from 0.01 to 0.24 with a global mean FST value of 0.09 (95% CI = [0.08;0.10]) (Supple-mentarymaterial, section 2, Table S2.3). As expected, substantial genetic structurewas observedbetween Gorée Island (IDG) and all other sites sampled in the Cap-Vert peninsula (mean FST =0.18± 0.03). IBDwas significant between sampling sites with IDG (Mantel test: P = 0.007; slope
b = 0.046, 95% CI = [0.034;0.064]) and without IDG (Mantel test: P = 0.024; slope b = 0.018,95% CI = [0.011;0.028]).The program STRUCTURE was used to determine whether house mice were spatially struc-tured as well-defined genetic units in Dakar. The highest deltaK value was obtained for K = 2(deltaK = 1172 at K = 2, and below 3.8 otherwise). At K = 2, IDG was assigned to a first group,and all individuals from the sampling sites of the Cap-Vert peninsula were largely assigned to asecond group (Fig. 2B). At K = 3, the two genetic groups that emerged in the Cap-Vert penin-sula were not stable among runs, and many individuals have mixed membership in both groups.Results were similar when IDG was excluded from the analysis (i.e. no clear pattern of spatialstructure within the Cap-Vert peninsula).
Spatial patterns of genetic variation and cityscape heterogeneity.Punctual approach:. Posterior mode of local-FST estimates, computed for each sampling sitewith GESTE, ranged from 0.023 (HDPI95% = [0.011; 0.038]) to 0.130 (HDPI95% = [0.097;0.171]) in POR and OKM, respectively (Supplementary material, Section 3, Table S3.1). The spa-tial pattern of local genetic differentiation exhibited a gradient-like structure, from the lowestlocal-FST values estimated for the sampling sites located in the South part (POR, PFD, PRB)of the Cap-Vert peninsula to the highest local-FST values estimated for the sampling sites lo-cated in the North-Western part (OKM, NGR) (Fig. 2C). RF ranking of cityscape features toexplain ar , Hs and local-FST values was very consistent whatever the setting of the analysis.Moreover, there was no evidence for a bias toward the selection of highly correlated predic-tor variables during tree building (Supplementary material, section 3, Fig. S3.1 and Table S3.2).Among the seven significant nested variables explaining the variation of ar , four correspondedto the variable "Connection" computed within the different buffers, two to the variable "Veg-etation" computed within the 600m- and 1000m-radius buffers and the last one to "Built-up"from the 1000m-radius buffer (Supplementary material, section 3, Fig. S3.1A). The same sevenvariables were also ranked as the most important to explain the variation in local-FST values(Supplementary material, section 3, Fig. S3.1B). As could be expected considering that ar andlocal-FST were strongly negatively correlated (Supplementary material, section 3, Table S3.2),partial dependence plots showed an opposite effect of "Connection" on ar and local-FST , re-gardless of the buffer size, i.e. increase of ar and decrease of local-FST (Supplementary material,section 3, Fig. S3.2). In the same way, the variable "Vegetation" at 600m and 1000m had a neg-ative and positive effect on ar and local-FST , respectively. Finally, "Built-up" at 1000m had anopposite effect, i.e. increase and decrease of ar and local-FST , respectively. Although Hs and arwere positively correlated (Supplementary material, section 3, Table S3.2), a different set of sig-nificant variables was identified to explain the variation of Hs : "Industrial" computed within the600m-, 1000m- and 1500m-radius buffers, "Vegetation" from the 1000m- and 1500m-radiusbuffers and "Residential" from the 1000m-radius buffer (Supplementary material, section 3, Fig.S3.1C). Partial dependence plots suggested a positive effect of "Industrial" and a negative effectof "Vegetation" and "Residential" on Hs (Supplementary material, section 3, Fig. S3.2).
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Figure 2 – Spatial genetic structure ofMus musculus domesticus in Dakar

Spatial genetic structure was assessed using: (A) the fivemitochondrial haplotypes foundin Dakar – The median joining network is presented with white squares correspondingto network nodes, and blue, orange and yellow symbols corresponding to haplotypesfrom the three haplogroups (HG4, HG1 and HG11, respectively) identified (Bonhommeand JB Searle, 2012); (B) STRUCTURE: results are presented for K = 2 with colors in piecharts indicating the proportion of house mice assigned to each genetic group withineach site; the barplot indicates individual ancestry estimates (each vertical line repre-sents an individual) in each genetic group; (C) GESTE with a color scale representing thevariation in local-FST from lowest values in red to highest values in blue; (D)MAPI witha color scale representing the spatial variation of the average level of genetic differenti-ation (FST ), from lowest values in red to highest values in blue; significant areas of highgenetic continuity and discontinuity are delineated by dotted and full black lines, respec-tively. Sampling sites are represented by a circle with a size depending on the spatialdistribution of individuals sampled within each site.

Pairwise approach:. Similarly to GESTE, MAPI clearly showed a gradient-like pattern from low-est smoothed-FST values in the eastern part of the study area to highest values in the westernpart (Fig. 2D). A significant area of genetic discontinuity encompassed the northern part of theOuakam district (around the sampling site OKM), between the twomain runways of the Léopold-Sédar-Senghor Airport, while a significant area of high genetic continuity was found in the har-bor area close to the first European settlement. Spearman correlation tests showed that MAPIsmoothed-FST values were positively correlated to the variable "Vegetation" and "Residential"
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Table 3 – Result of the Bayesian CAR model
Cityscape variablesOld_City Spontaneous Residential Industrial Vegetation Built-up ConnectionPosterior probability 0.932 0.013 1.000 0.001 1.000 1.000 0.000Regression 0.013 ± 0.008 -0.017 ± 0.007 0.059 ± 0.010 -0.066 ± 0.020 0.028 ± 0.007 0.017 ± 0.005 -0.081 ± 0.007coefficient [-0.004 ; 0.030] [-0.032 ; -0.003] [0.039 ; 0.079] [-0.106 ; -0.026] [0.015 ; 0.041] [0.006 ; 0.027] [-0.096 ;-0.066]This table shows the posterior probability and regression coefficient associated to eachcityscape variable. Considering a threshold of 0.05, a posterior probability > 0.95 indi-cates a significant positive effect of the corresponding variable while a posterior proba-bility < 0.05 indicates a significant negative effect. Variable regression coefficient is pre-sented with its standard deviation and 95% confidence interval.

(Rs = 0.65 and 0.16, respectively) and negatively correlated to all other variables (Rs varied from
−0.32, for the variable "Spontaneous", to −0.65 for the variable "Connection"; Supplementarymaterial, section 3, Table S3.3). The ranking of the conditional importance of the cityscape fea-tures from the RFs trained on 100 randomly resampled datasets (50% of theMAPI grid cells) wasvery consistent whatever the setting of the analysis: 1) "Connection", 2) "Vegetation", 3) "Indus-trial", 4) "Spontaneous", 5) "Residential", 6) "Old_City" and 7) "Built-up" (Supplementary material,section 3, Fig S3.3 and S3.4). The predictive accuracy of themodel was relatively high and slightlyvaried when the number of variables used for node split increased from 2 to 5. Pearson correla-tion coefficient (r ), R2 and RMSE, averaged over the 100 replicates, ranged: from r = 0.81±0.029to r = 0.83 ± 0.030; from R2 = 0.59 ± 0.034 to R2 = 0.68 ± 0.046; from RMSE = 0.014 ± 0.001 toRMSE = 0.012 ± 0.001 for "mtry" ranging from 2 to 5.

The reliability measure for the CPO and PIT values of the CAR model was equal to 0 in allcases, indicating that CPO and PIT could be used to assess the calibration of the model. Therewas no evidence for a lack of fit of the model from the CPO values and the distribution of thePIT values did not significantly depart from a uniform distribution (Kolmogorov-Smirnov test,p-value > 0.05), which confirmed that the model was well calibrated. Pearson correlation coef-ficient between observed and predicted values was 0.99 and model residuals were not overlystructured in space (Supplementary information, section 3, Fig S3.5). Results of the CAR model(Table 3) showed that the posterior probability was significant (at a 5% threshold) for all cityscapevariables but "Old_city". Themost important variables to explain the variation inMAPI smoothed-
FST values were "Connection" and "Industrial", which both had a negative effect (regression co-efficient = −0.081 ± 0.007 and −0.066 ± 0.020, respectively). The two other important variables,"Residential" and "Vegetation" had a positive effect (regression coefficient = 0.059 ± 0.010 and
0.028 ± 0.007, respectively). Lastly, the variables "Built-up" and "Spontaneous" had a slight posi-tive and negative effect, respectively (regression coefficient = 0.017± 0.005 and −0.017± 0.007).
Simulations:. When combining MAPI and a CAR model to analyze 200 datasets of individualgenotypes simulated under a landscape configuration corresponding to a spatial gradient ofhabitat quality, we found the expected significant positive effect of the unfavorable habitat onthe MAPI smoothed-FST for 95.5% of the simulated datasets. None of the remaining datasetsshowed an unexpected significant negative effect (Supplementary material, Section 4, Fig S4.1).
Subsampling:. The analysis of subsampled datasets (with a number of sampling sites N varyingfrom 6 to 12) showed that the gradient-like pattern in smoothed-FST and the main effects ofcityscape variables were observable even with N=6 sampling sites: high posterior probability fora negative effect of "Connection" and "Industrial" and positive effect of "Vegetation", "Residen-tial" and "Built-up" (Supplementary material, Section 4, Fig S4.2). For the variables "Old_city" and"Spontaneous", the number of sampling sites was clearly crucial to obtain consistent posteriorprobabilities across the replicates.
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Discussion
In this study, we aimed to investigate population genetic structure of M. m. domesticus inthe city of Dakar, with both mitochondrial sequences and microsatellite markers. By linking ge-netic patterns with spatial and temporal data describing the urbanization process, we wanted toevaluate whether the genetic structure of this synanthropic species may be reflecting both theheterogeneity of the current cityscape and the historical dynamics of urbanization.We used vari-ous approaches, including population genetics model-based clustering, model-free smoothing ofgenetic differentiation as well as random forests that allow investigating non-linear relationshipsand taking into account multicollinearity between predictor variables (i.e. conditional permuta-tion importance) and a Bayesian conditional autoregressive model, which allows accounting forspatial autocorrelation. We also performed a simulation study and an analysis of subsampleddatasets to assess whether the observed genetic structure could be biased due to the subop-timal spatial coverage of the study area (i.e. clumped sampling of 13 localities in the Cap-Vertpeninsula).
Large populations of mice in colonial coastal cities of Senegal have been reported since themiddle of the 19th century (Temminck, 1853), which corresponds to the foundation of the firstEuropean settlement in the south of the Cap-Vert peninsula. Consistently with these histori-cal inventories, mitochondrial genetic variation observed in house mouse populations in Dakarstrongly suggests that the species was introduced during colonial time. Indeed, all haplogroupsfound in Dakar are typical fromWestern Europe (Supplementary material, section 2, Table S2.1;Bonhomme and JB Searle, 2012) with the highest level of diversity observed in sampling sitesat the south of the Cap-Vert peninsula (Table 2, Fig. 11). When considering microsatellite mark-ers, beyond the well-marked genetic differentiation of Gorée Island from other sampling sites,there was no evidence that house mice were structured as delineated genetic units in Dakar.Within the Cap-Vert peninsula, the spatial genetic structure corresponded to a gradient-like pat-tern, from lowest differentiation levels in the south-eastern part of the study area to highestdifferentiation in the north-western part.
Spatial expansion of introduced populations may be characterized by sequential founderevents, leading to spatial decrease of genetic diversity and increase of genetic differentiationalong colonization axes (Clegg et al., 2002). For the house mouse within the Cap-Vert penin-sula, the analyses of the relationships between genetic estimates (punctual and pairwise) andcityscape variables showed that the duration of the period elapsed since the connection of abuilt-up area to the first European settlement, was the most important factor to explain thespatial genetic patterns: the shorter this period, the lower the level of allelic richness and thehigher the level of genetic differentiation. These results strongly suggest that the observed gra-dient in genetic variation mainly reflects the historical process of colonization by the housemouse, which followed the continuous expansion of the city from the first European settlement(Gardner-Santana et al., 2009; SE Harris et al., 2016; Lourenço et al., 2017). This is consistentwith the ecology of the house mouse, which is known to be strictly commensal in Senegal, i.e.confined to human buildings (Dalecky et al., 2015). In line with such a strict commensalism, wealso found strong negative and positive relationships between the proportion of vegetation andthe levels of genetic diversity (ar , Hs ) and genetic differentiation (local-FST and smoothed-FST ),respectively, suggesting that highly vegetated areas (i.e. no or a few buildings used for housing,commercial activities...) act as desert resource habitats and/or dispersal barriers for this species.
Deviations from the main genetic pattern resulting from historical processes can be attrib-uted to the current heterogeneity of the cityscape in terms of habitat quality for the housemouse (Adrichem et al., 2013; Kaylee Aileen Byers et al., 2019; Combs, Kaylee A Byers, et al.,2018; Combs, Puckett, et al., 2018; Lambert et al., 2017; Lucaccioni et al., 2016;Masi et al., 2010;Santos et al., 2017). Spatial variations in the level of genetic differentiation are often interpretedas reflecting the presence of physical barriers to individual dispersal, while they may actuallyresult from variations in effective population size, i.e. demographic barrier (Berthier, Galan, et al.,2005; Piry et al., 2016; Richardson, Brady, et al., 2016). Such a demographic process can be es-pecially relevant for commensal rodents as natural dispersal distances (i.e. not human-mediated)
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of these species are generally short ranged (< 1 km) and mainly prompted by the lack of feed-ing and harborage sites (Kaylee Aileen Byers et al., 2019; Pocock et al., 2005). In a very largeand spatially continuous population, gene flow will occur through step-by-step migration overgenerations (IBD). Conversely, for an equivalent migration rate in a spatially discontinuous popu-lation, important gaps in densities can generate genetic discontinuities (Berthier, Charbonnel, etal., 2006; Berthier, Galan, et al., 2005). The first situation could correspond to house mouse dy-namics in industrial areas that were characterized by high levels of genetic diversity (Hs ) and lowlevels of differentiation. In these areas, the presence of numerous warehouses to stock differentfood products such as groundnuts, rice, sugar and flour (Ba et al., 2013) would allow to sustainlarge and continuous population of mice. The second situation could explain why high-standingresidential areas, which are already known to be less prone to commensal rodent infestations(Adrichem et al., 2013; Kaylee Aileen Byers et al., 2019; Combs, Kaylee A Byers, et al., 2018;Combs, Puckett, et al., 2018; Lambert et al., 2017; Masi et al., 2010), are characterized by lowlevels of genetic diversity (Hs ) and high levels of differentiation.Interestingly, local variations in the two estimates of genetic diversity (ar , Hs ) are reflect-ing different processes. Variations of ar mostly reflect the historical process of colonization (i.e."Connection") while variations of Hs are more linked to the current features of the cityscape(i.e. "Industrial" and "Residential"). Changes in ar depends on the presence/absence of the dif-ferent alleles sampled through the whole metapopulation while Hs is more dependent on alleleencounter probability (mating between individuals carrying different alleles) and, then on theevenness of common allele frequencies (Nei et al., 1975). Historical isolation and consecutivefounder events during the expansion process probably had a strong impact on ar due to therapid loss of rare alleles that already seldom contributed to Hs , which is more dependent on cur-rent variations in local density of house mouse due to difference in habitat quality (Comps et al.,2001; Greenbaum et al., 2014).Two of the cityscape features had a less straightforward effect on the pattern of geneticdifferentiation (i.e. smoothed-FST ) of the house mouse in the Cap-Vert peninsula: the urbanhabitat "Spontaneous" and the historical variable "Built-up". In our study area, the "Spontaneous"habitat mainly corresponds to unplanned housing areas (i.e. irregular spontaneous habitat, seeTable 1). These areas often lack basic urban infrastructures (e.g. waste removal) and houses arebuilt with precarious material (e.g. metal sheet, wood, mud brick), which are known to be highlyfavorable to rodents as they can easily circulate, burrow and reach food storages (Bonwitt etal., 2017; Jassat et al., 2013; Santos et al., 2017). High density of mice in the "Spontaneous"habitat can explain why it is characterized by a low level of genetic differentiation as retrievedby both the RF and CAR models. However, as suggested by the resampling analysis, this effectis highly localized in space and detecting a clear trend strongly depends on the sampling scheme(Supplementary material, Section 4, Fig. S4.2). Local effects, due to the presence of the Lebouvillages Ngor, Yoff and Ouakam (NGR, YOF, OKM), can also explain the slight but significantpositive effect of the variable "Built-up" in the CAR model. These villages were clearly identifiedas built-up areas in early maps while they have been among the last areas to be connected tothe first European settlement and then, still associated to high levels of differentiation (Figs. 1and 2). Even if house mice may have been introduced in these villages quite early, they haveprobably remained isolated until the early 2000s.Sampling rodents in urban environments may be a challenging task, notably because it re-quires negotiating access to premises from private owners or city agencies (Parsons et al., 2017).For such a reason, sampling size and coverage may be limited which make it difficult to preciselyanalyse the relationships between genetic patterns and urban features. In this study, despite thesuboptimal coverage of the sampling within the Cap-Vert peninsula, the analysis of simulatedand subsampled datasets gave confidence that the MAPI method allowed retrieving the mainspatial genetic structure of the house mouse and to relate it to important historical and currentfeatures of the cityscape. However, we do believe that, in this particular case, the approach wasfacilitated by the strength and simplicity of the main structure (i.e. a gradient-like pattern with ahigh level of genetic differentiation). More complicated or fine-scale genetic structure would behard to detect without further increasing the sampling size and spatial coverage through a more
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intensive individual-based sampling design within and across urban habitats (Combs, Puckett,et al., 2018; Richardson, Burak, et al., 2017).In termof rodentmanagement, our results suggest that defining spatial units for housemousecontrol might not be straightforward in Dakar and, as already pointed out for rats in other cities,classical scales such as individual property or city block are likely to be irrelevant in many localcontexts (Gardner-Santana et al., 2009; Kajdacsi et al., 2013). Relevant spatial scale for man-agement will vary across the city due to habitat quality heterogeneity. For example, areas suchas the harbor and the large contiguous industrial/commercial area running north are likely tosustain high densities of mice and should be considered as a highly connected network whenimplementing control strategies (Kaylee Aileen Byers et al., 2019). Areas where mice are likely tobe more scattered (residential areas and highly vegetated environment) could constitute spatialtargets for localized control as the probability of recolonization through natural dispersal couldbe relatively low following treatments.
Conclusion

In this study, we showed that the spatial genetic structure of an invasive and strictly com-mensal species such as the house mouse likely result from the interplay between the spatio-temporal process of urbanization and the current heterogeneity of the cityscape. First, spatialgenetic patterns are consistent with an introduction of the house mouse in the Cap-Vert penin-sula during colonial time. Second, the genetic structure within the peninsula mainly correspondsto a gradient-like pattern matching the historical process of spatially continuous expansion ofthe city from the first European settlement. Deviations from this average pattern reflect thespatial heterogeneity of the current cityscape features in terms of habitat quality for the housemouse, with the residential and highly vegetated areas being the less favorable habitats whilethe industrial areas and, to some extent, the unplanned housing would be highly favorable tomouse infestation, as already observed for rats. This study highlights the need to investigate forpotential effects of past demographic events when conducting genetic studies on non-nativeinvasive commensal rodents in order to assess gene flow to further inform control actions inhighly urbanized environment.
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