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ABSTRACT

How urbani zation shapes population genomic diversity and evolution of urban wildlifeislargely
unexplored. We investigated the impact of urbanization on white-footed mice, Peromyscus
leucopus, in the New Y ork City metropolitan area using coal escent-based smulations to infer
demographic history from the site frequency spectrum. We assigned individuals to evolutionary
clusters and then inferred recent divergence times, population size changes, and migration using
genome-wide SNPs genotyped in 23 populations sampled along an urban-to-rural gradient. Both
prehistoric climatic events and recent urbani zation impacted these populations. Our modeling
indicates that post-glacial sealevel riseled to isolation of mainland and Long Island populations.
These models also indicate that several urban parks represent recently-isolated P. leucopus
populations, and the estimated divergence times for these populations are consistent with the

history of urbanization in New Y ork City.
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INTRODUCTION

Urbanization is a particularly potent driver of environmental change around the world [1].
Understanding population genomic responses of organisms to human-driven change provides
important context for predicting future evolutionary responses [2]. Using genome-wide SNP data,
we investigate the effects of post-glacial environmental events and urbanization in the New Y ork
City (NY C) metropolitan area on historical demography of the white-footed mouse, Peromyscus
leucopus. We examine the influence of climatic history over thousands of generations but also the
effects of recent environmental events tens of generationsin the past. This study isthefirst to
examine the impact of urbanization on demographic history using patterns of genomic variation
in wild populations.

NY C is particularly well suited for studies on urbanization because the city’ s recent
history of geological [3], ecological [4,5], and cultural [6,7] change has been meticulously
recorded. NY C aso has clearly defined urban green spaces that are delimited by anthropogenic
and natural barriers, and occupied by independently-evolving populations of species with poor
mobility through the urban matrix [8].

Natural barriers include the Hudson and East Rivers that separate the mainland portion of
the city (i.e. Bronx) from Manhattan and Long Islands. The establishment of Long Island did not
begin until the retreat of the late Wisconsin glacier that covered much of present-day NYC [9].
The glacier began retreating northward ~21,000 years before present (ybp) [10], and over the next
few thousand years white-footed mice recolonized the region from southern refugia [11]. During
thistime, P. leucopus presumably maintained continuous populations until sealevel rise
separated Long Island from mainland NY between 12,000—15,000 ybp [10]. Except for

occasional land-clearing by Native Americans, anthropogenic barriers were not erected until after
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European settlement of the area around 1600 CE [4]. During early phases of urbanizationin NYC
(1609-1790), green spaces within the city were parade grounds, cemeteries, farms, or private
estates with highly manicured landscapes. In the mid-19" century heavily used land plots, like
present-day Prospect and Central Parks, were taken over by city officials and transformed for
aesthetic purposes [12]. Private estates were also acquired by the NY C government and
redesigned as vegetated parkland [13]. Remnant faunain these parks, surrounded by a dense
urban infrastructure, may have recovered from bottlenecks caused by urban fragmentation asthe
parks devel oped mature forests.

P. leucopus represents one of these remnant species, and we investigated the demographic
history of populations occupying contemporary forest fragmentsin NY C and the surrounding
area. P. leucopus are abundant across North America, have atypically short lifetime dispersal
capability of ~100 m, prefer oak-hickory secondary forests, and consume adiet of arthropods,
fruits, nuts, vegetation, and fungus. White-footed mice are abundant in small, fragmented urban
forests [14-16], and exchange migrants only through vegetated corridors between isolated NYC
parks[17]. Substantial genetic structure at microsatellite loci exists between NY C parks[8], and
there is evidence of divergence and sdection in genes underlying functional traitsin urban
populations [18].

In this study we estimated the demographic history of P. leucopusin NY C to test
hypotheses about population expansion and divergence in response to urbanization. We used a
genome-wide SNP dataset previously generated [19] from a double-digest restriction-site
associated DNA sequencing (ddRADseq) [20] protocol. Loci came from 23 white-footed mouse
populations (Fig 1) representative of arural to urban gradient [19]. We used percent impervious

surface cover and human population density around sampling sites as proxies for the extent of
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78  urbanization around each site (See Table 1 and Figure 1in[19]). We then used SNMF version
79  0.5[21] to examine population structure, and TreeMix [22] to build population trees and identify
80 likely genetic clusters of P. leucopus. We used data from five populations of white-footed micein
81 NYC parksthat showed evidence of genetic isolation and had relatively high urbanization metrics
82  totest the hypothesisthat temporal patterns of population isolation resulted from urbanization

83 (Tablel, Figure S3). We estimated demographic parameters from the site-frequency-spectrum
84  (SFS) using the composite-likelihood and coalescent simulation approach implemented in

85 fastsimcoal2 ver. 2.5.1 [23]. Fastsimcoal 2 efficiently calculates the approximate likelihood from
86  unlinked SNP loci and accommodates complex demographic models. We used these estimates of
87  effective population sizes, divergence times, migration, and population size changes to infer the
88 influence of urbanization on the demography of these populations. Can we distinguish recent,

89  human-driven demographic changes from older natural events under a complex model? See

90 supplemental file 1 for full details on the methodology for this study.

91

92 RESULTSAND DISCUSSION

93  Evidencefor genetic structure and admixture

94 Our ddRAD dataset of 14,990 SNPs from 191 individuals sampled at 23 sites (mean of 8
95 +0.17individuals/ site) [19] captured sufficient genetic variation to estimate the post-glacial

96  demographic history of white-footed mouse populations in the NY C metropolitan area. Before
97  inferring demography, a sparse non-negative matrix factorization approach (SNMF, Frichot et al.
98  2014) supported assignment of individuals into two main groups separated by the East River and
99 Long ldand Sound: 1) Mainland & Manhattan (MM) and 2) Long Island (LI; Fig. S1).

100  Population trees from TreeMix [22] supported the patternsinferred using SNMF. TreeMix also
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101 indicated that several urban parks contain recently-fragmented populations (Fig 1B) with no

102  evidence of admixture with other sites (Supplemental File 2). When assigning individuals to

103  populations for demographic model development, we compared our results to those of a previous
104  study that examined population structure using genome-wide loci [19]. Genetically differentiated
105  populationsincluded Central (area: 344.05 ha, 2 km buffer % impervious surface & human

106  population size: 60.2, 351698.8), Inwood (79.21 ha, 2 km buffer % impervious surface & human
107  population size: 30, 121354.2), and Van Cortlandt (433.15 ha, 2 km buffer % impervious surface
108 & human population size: 27.7, 77541.7) Parksin MM (790,142 ha); and Jamaica Bay (263.38
109  ha, 2 km buffer % impervious surface & human population size: 3.2, 1438.4) and Fort Tilden
110  (248.96 ha, 2 km buffer % impervious surface & human population size: 8.5, 2357.5) in LI

111 (362,900 ha). These urban parks are al large, extensively vegetated, and surrounded by dense
112  urban development (Fig. 1A). No rural sampling locations exhibited patterns consistent with

113  genetically isolated populations, suggesting the parks above were isolated due to urbanization.
114

115  P.leucopus population history during recent urbanization in NYC

116 Inferred parameter estimates exhibit a consistent signal of an older split between LI and
117 MM populationsin line with geologic records followed by recent divergence of NY C park

118 populations (Figure S2). Models had tight confidence intervals around divergence times for MM
119 and LI (~13,600 ybp, Fig S2-E) except for the two-population model. The two population model
120  had thelowest likelihood and this result may reflect the relatively poor fit of the model.

121  Divergence was followed by a strong population contraction (Table 1, Fig. S3). These divergence
122  estimates concur with geologic records that date the separation of Long Island and the Mainland

123 from ~13,000 — 15,000 ybp [24].
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124 Our other demographic models examined whether contemporary urban populations

125  diverged from MM or LI within the historical timeframe of urbanization in NY C. In 1609, shortly
126  after European arrival, only 1% of the Manhattan landscape was urbanized. Over the next 400
127  years, humans converted 97% of natural green spaces to human use [4]. Urban populations

128  experienced strong population bottlenecks at the time of divergence (except Jamaica Bay) and the
129 inferred time of divergence was always within the 400-year window of European settlement

130 (Table1). While 400 years, representative of ~800 P. leucopus generations assuming a generation
131 timeof 0.5 years, isrelatively recent, detailed demographic inference over very recent time scales
132  ispossible with adequately large genomic datasets [ 23]. Additionally, many point estimates for
133 urban park divergence are in line with the founding of urban parksin NY C (282 ybp — present,
134 Tablel). Theseresultsindicate that isolation in urban fragments was sufficiently strong to impact
135 theevolutionary history of urban fauna.

136 We detected bottlenecks immediately after isolation of urban populations, suggesting that
137  asmall remnant population within these parks at the time of the bottleneck provided most of the
138  urban genetic variation found today. Our inferred migration rates between all populations were
139  high and variable, but we estimated consistent patterns of low migration between MM and L1,
140  and asymmetrical migration of individual mice from MM into urban populations (Table 1).

141  Despite asymmetrical gene flow, urban parks consistently showed a signal of some emigration to
142 LI or MM, suggesting that urban parks contain stable, though relatively small populations.

143  However, given the extremely recent divergence times, these high migration rates could be due to
144  retained ancestral polymorphisms from incomplete lineage sorting or geographic structure that
145  aredifficult to distinguish from admixture [25]. It isimportant to note that allelic dropout in

146  ddRADSeq datafrom mutationsin cut sites can affect demographic analyses, but using a


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

147  minimum coverage cutoff and restricting the amount of missing data can mitigate these effects
148  (Supplementary File 1).

149

150 CONCLUSIONS

151  Our results show that geography, geologic events, and human-driven habitat change have left a
152  detectable genomic signature in NY C's white-footed mouse populations. Patterns of genetic

153  variation and population structure reflect past demographic processes [ 26], and genome-wide
154  SNPsgenerated from ddRADseq provided enough information to distinguish recent demographic
155  eventsfrom past geological processes. Our demographic models estimated divergence times and
156  migration patterns that are consistent with the known geologic and historical record of NYC. This
157  study isthefirst to use population genomic modeling to estimate the demographic impact of

158  urbanization on wild populations.

159

160

161

162 DATA ACCESSIBILITY

163  I[llumina sequencing reads from Munshi-South et al. (2016) have been deposited in NCBI's Short-
164  read Archive (SRA) under accession number SRP067131. The VCF file of SNP genotypes used
165 hereand in Munshi-South et al. (2016) is available on the Dryad digital repository at

166  http://dx.doi.org/10.5061/dryad.d48f9

167
168 COMPETING INTERESTS

169  Wedeclare that we have no competing interests.


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

170

171 ETHICSSTATEMENT

172 All animal handling procedures were approved by the Institutional Animal Care and Use

173  Committee (IACUC) at Fordham University (Protocol No. IM S-13-03). Samples were collected
174  with permission from the New Y ork State Department of Environmental Conservation, New
175  York City Department of Parks and Recreation, New Y ork Botanical Garden, and the

176  Connecticut Department of Energy and Environmental Protection.

177

178 FUNDING

179  National Institute of General Medical Sciences of the National Institutes of Health to JM-S;
180  award number R15GM099055. NSF Graduate Research Fellowship to SEH. NASA Dimensions
181  of Biodiversity Program and NSF to MJH; DOB 1342578 and DEB-1253710. The content is
182  solely the responsibility of the authors and does not represent the official views of the National
183  Institutes of Hedlth.

184

185 ACKNOWLEDGMENTS

186  Wethank the Hickerson lab for access to space and productive conservations on this topic, and
187  Laurent Excoffier for guidance on the demographic inference. The Handling Editor and three
188  anonymous reviewers for Biology Letters provided many helpful suggestions for improving the
189  manuscript.

190

191 AUTHOR CONTRIBUTIONS


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

S.E. Harris conceived and designed the study and conducted analyses and interpretation of the
data. A.T. Xue, D. Alvado-Serrano, J.T. Boehm, T. Joseph, and M. J. Hickerson conducted
analyses and interpretation of the data. J.M unshi-South concelved and designed the study,
acquired the samples and genetic data, and conducted analyses and interpretation of the data. All
authors drafted the article and revised it critically for important intellectual content. All authors
approved the final version of the published manuscript, and agree to be held accountable for all

aspects of the work herein.

REFERENCES

1. Corlett, R. T. 2015 The Anthropocene concept in ecology and conservation. Trends Ecol.

Evol. 30, 36-41. (doi:http://dx.doi.org/10.1016/] .tree.2014.10.007)

2. Donihue, C. M. & Lambert, M. R. 2014 Adaptive evolution in urban ecosystems. Ambio ,

1-10. (doi:10.1007/s13280-014-0547-2)

3. Isachsen, Y. W. 2000 Geology of New York: A Smplified Account. New Y ork State
Museum/Geological Survey, State Education Department, University of the State of New

York. [cited 2015 Feb. 16].

4. Sanderson, E. W. & Brown, M. 2007 Mannahatta: An Ecological First Look at the
Manhattan Landscape Prior to Henry Hudson. Northeast. Nat. 14, 545-570.

(doi:10.1656/1092-6194(2007) 14[545:M AEFLA]2.0.CO;2)


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

211 5. Sanderson, E. W. 2009 Mannahatta: a natural history of New York City. New Y ork:

212 Abrams.

213 6. Burrows, E. G. & Wallace, M. 1998 Gotham: a history of New York City to 1898. Oxford

214 University Press.

215 7. Caro, R. A. 1975 The power broker: Robert Moses and the fall of New York. Vintage.

216 8. Munshi-South, J. & Kharchenko, K. 2010 Rapid, pervasive genetic differentiation of urban
217 white-footed mouse (Peromyscus leucopus) populationsin New Y ork City. Mol. Ecol. 19,

218 42424254, (doi:10.1111/j.1365-294X.2010.04816.X)

219 9. Lewis, R. S. & Stone, J. R. 1991 Late Quaternary stratigraphy and depositional history of

220 the Long Island Sound basin: Connecticut and New York. J. Coast. Res. , 1-23.

221 10. Lewis, R. 1995 Geologic History of Long Idand Sound.

222 11.  Smith, P. W. 1957 An analysis of post-Wisconsin biogeography of the prairie peninsula
223 region based on distributional phenomena among terrestrial vertebrate populations.

224 Ecology 38, 205-218. (doi:http://dx.doi.org/10.2307/1931679)

225 12, Rosenzweig, R. & Blackmar, E. 1992 The Park and the People: A History of Central Park.

226 Cornéll University Press.

227 13. Christen, C. A. 1988 Three Hundred Years of Parks. A Timeline of New York City Park

228 History. City of New York, Parks & Recresation.


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

229 14. Pergams, O. R. W. & Lacy, R. C. 2007 Rapid morphological and genetic changein
230 Chicago-area Peromyscus. Mol. Ecal. 17, 450-63. (doi:10.1111/j.1365-

231 294X.2007.03517.x)

232 15. Rogic, A., Tessier, N., Legendre, P., Lapointe, F.-J. & Millien, V. 2013 Genetic structure
233 of the white-footed mouse in the context of the emergence of Lyme disease in southern

234 Québec. Ecol. Evol. 3, 2075-88. (doi:10.1002/ece3.620)

235 16. Munshi-South, J. & Nagy, C. 2014 Urban park characteristics, genetic variation, and
236 historical demography of white-footed mouse ( Peromyscus leucopus ) populationsin New

237 York City. PeerJ 2, €310. (doi:10.7717/peerj.310)

238 17.  Munshi-South, J. 2012 Urban landscape genetics: canopy cover predicts gene flow
239 between white-footed mouse (Peromyscus leucopus) populationsin New Y ork City. Mol.

240 Ecol. 21, 1360-1378. (doi:10.1111/].1365-294X.2012.05476.x)

241 18. Harris, S. E., Munshi-South, J., Obergfell, C. & O'Neill, R. 2013 Signatures of Rapid

242 Evolution in Urban and Rural Transcriptomes of White-Footed Mice (Peromyscus
243 leucopus) in the New Y ork Metropolitan Area. PLoS One 8, €74938.
244 (doi:10.1371/journal.pone.0074938)

245 19.  Munshi-South, J., Zolnik, C. P. & Harris, S. E. 2016 Population genomics of the
246 Anthropocene: urbani zation is negatively associated with genome-wide variation in white

247 -footed mouse populations. Evol. Appl. , doi:10.1111/eva.12357. (doi:10.1111/eva.12357)


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

248 20. Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S. & Hoekstra, H. E. 2012 Double
249 Digest RADseq: An Inexpensive Method for De Novo SNP Discovery and Genotyping in

250 Model and Non-Model Species. PLoS One 7, €37135. (doi:10.1371/journal .pone.0037135)

251 21. Frichot, E., Mathieu, F., Trouillon, T., Bouchard, G. & Francois, O. 2014 Fast and
252 Efficient Estimation of Individual Ancestry Coefficients. Genetics 4, 973-983.

253 (doi:10.1534/genetics.113.160572)

254  22.  Pickrel, J. & Pritchard, J. 2012 Inference of population splits and mixtures from genome-

255 wide allele frequency data. PLoS Genet. 8, €1002967. (doi:10.1371/journal.pgen.1002967)

256  23. Excoffier, L., Dupanloup, I., Huerta-Sanchez, E., Sousa, V. C. & Foll, M. 2013 Robust
257 Demographic Inference from Genomic and SNP Data. PLoS Genet. 9, €1003905.

258 (doi:10.1371/journal.pgen.1003905)

259 24. Lewis R.S. & Stone, J. R. 1992 Late Quaternary stratigraphy and depositional history of
260 the Long Island Sound Basin: Connecticut and New Y ork. J. Coast. Res. Spec. Issue 11, 1-

261 23.

262 25. Lohsg K. & Frantz, L. aF. 2014 Neandertal admixture in Eurasia confirmed by maximum-
263 likelihood analysis of three genomes. Genetics 196, 1241-51.

264 (doi:10.1534/genetics.114.162396)


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

265 26. Li,J,Li, H., Jakobsson, M., Li, S., §odin, P. & Lascoux, M. 2012 Joint analysis of
266 demography and selection in population genetics. where do we stand and where could we

267 go? Mol. Ecol. 28, 28-44. (doi:10.1111/j.1365-294X.2011.05308.X)


https://doi.org/10.1101/032979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/032979; this version posted April 5, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

268 METHODS

269  Sampling and DNA extraction

270 During two previous studies[1,2] we sampled individual white-footed mice between 2009
271 and 2013 from 23 separate localities that were used to generate the genomic data used in this

272  study. Siteswere chosen to represent arural to urban gradient (Fig. 1). Rural sites were defined
273  aslargetracts of relatively undisturbed natural habitat, and urban sites were fragmented habitat
274  surrounded by urban infrastructure and impervious surface. Urbanization was also quantified by
275  determining the percent impervious surface and human population size in a2 km buffer

276  surrounding each park (See Table 1 and Figure 1 in[2]). For al sampling locations, we trapped
277 individuals over aperiod of 1-3 nightseach. At each site, we set between one and four 7x7 m
278  transects of Sherman livetraps (7.62 cm x 7.62 cm x 22.86 cm), depending on the total area of
279  each sampling site. We weighed, sexed, and took morphological (ear length, tail length, hind foot
280  length, total body length) measurementsfor all individual mice. At all sites except Central Park,
281  Flushing Meadow, New Y ork Botanical Garden, Brook Haven Park & Wild Wood Park, High
282  Point Park, and Clarence Fahnestock Park, we collected tissue by taking 1 cm tail clips, placing in
283  80% ethanol, and storing at -20° C in the laboratory. Individual mice were then released. For
284  these other six sites, we used previoudy-collected liver samples stored in RNAlater (Ambion

285 Inc., Austin, TX) at -80° C. We extracted genomic DNA using standard extraction protocals,

286  quantified theyield, and checked quality before genomic sequencing library preparation. See

287  methodsin (Munshi-South et al. 2016) for full details. All animal handling procedures were

288  approved by the Ingtitutional Animal Care and Use Committee at Brooklyn College, CUNY

289  (Protocol Nos. 247 and 266) and by Fordham University’s Institutional Animal Care and Use

290  Committee (Protocol No. IMS-13-03).
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291 RAD sequencing and SNP calling

292 Weinitially sequenced 233 individual white-footed mice but retained 191 P. leucopus
293  individuals from 23 sampling sites for the genome-wide SNP dataset after filtering out close
294  relatives and low-quality samples[2]. Briefly, we followed standard protocols for ddRADseq
295  presented in Peterson et al. (2012), starting with DNA extraction using Qiagen DNEasy kits with
296  an RNAsetreatment. Next we used acombination of the enzymes, Sphl-HF and MIuCl to

297  generate similarly sized DNA fragments. Using two restriction enzymes increases the probability
298  of generating the same RAD loci across all samples. We specifically chose Sphl-HF and MIuCl
299  to generate ~50,000 RAD loci; this estimate was based on the number of fragments produced
300 using the same REs on arelated species (Mus musculus). We cleaned the digested DNA with
301  Ampure XP beads and then ligated unique barcodes to each individual sample. We then pooled
302 samplesin groups of 48 and used a Pippin Prep for precise DNA fragment size excision from gels
303 and Phusion high-fidelity PCR to amplify fragments and add Illuminaindexes and sequencing
304 primers. Theresulting fragments were sent to the NY U Center for Genomics and Systems

305 Biology for 2x100 bp paired-end sequencing in three lanes of an Illumina HiSeq 2000. We

306  checked initial quality of the raw reads using FastQC. Subsequent primer removal, low-quality
307  nucleotide trimming, and de novo SNP calling was conducted using the Stacks 1.21 pipeline [4].
308 Wecalled and filtered SNPsin Stacks using default setting except for requiring that loci occur in
309 22/ 23 sampling sites, and within each site, occur in at least 50% of individuals. We chose a
310 random SNP from each RAD tag to avoid linkage between loci. Additionally, we removed

311 individuasif they had too few reads resulting in extremely small SNP datasets or if they showed
312  high levels of relatedness to other white-footed mice sampled. These filters resulted in 14,990

313  SNPsinthefina dataset that we used for demographic modeling.
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314  Population structure and migration

315 We investigated observed patterns of genetic diversity to define evolutionary clusters that
316  could be used to inform demographic modeling of P. leucopus populationsin the NY C region.
317  We examined population structure and evidence of migration among all 23 sampling sites. The
318 program TreeMix [5] was used to build population trees and identify migration events. TreeMix
319 infers populations splitting and mixing using allele frequencies from large genomic datasets.
320 Using acomposite likelihood approach given allele frequency data, TreeMix returns the most
321 likely population tree and admixture events given a user-specified number of admixture events.
322  Thenumber of admixture events tested ranged from O - 12 while the rest of the parameters used
323  default settings. P-values were generated for each admixture event and comparisons made

324  between all trees. We confirmed admixture between populations by running f3 three-population
325 analysesin Treemix. These statistics assess admixture between populations by identifying

326  correlations between allele frequencies that do not fit the evolutionary history for that group of

327  three populations. We used 500 bootstrap replicates to assess significance of {3 statistics.

328 We also used SNMF version 0.5 [6] to examine population structure sSNMF explores

329 patterns of genetic structure by assigning individual ancestry coefficients using sparse non-

330  negative matrix factorization. SNMF does not make any model assumptions like requiring

331 populationsto be in Hardy-Weinberg and linkage equilibrium [6], as opposed to other likelihood
332 modeslike STRUCTURE [7]. For the number of putative ancestral populations tested, we chose
333 arangefromK =1to K =11 using default parameters, with 10 replicate runs for each value of K.
334 Wechose 11 as an initial maximum because there were at least nine urban parks without any

335  vegetated corridors between them (parks in Queens, NY have a small greenway connecting them)
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336  plusrura LI and rural Mainland. There was not a pattern supporting a higher number of clusters
337 sowedid not analyze K > 11. Weran sNMF on the full 14,990 SNP dataset (< 50% of SNPs
338  missing per population) and on a more conservative dataset with only < 15% of SNPs missing per
339  population. SNMF imputes missing genotypes by resampling from the empirical frequency at
340 eachlocus|[6], and using fewer missing data ensured any inferred population structure was not
341  duetoincorrectly imputed genotypes (Fig. S1). To infer the most likely number of ancestral

342  populations, each model run generates a cross-entropy estimation based on ancestry assignment
343  error when using masked genotypes. The model with the smallest cross-entropy scoreimpliesitis

344  thebest prediction of the true number of K ancestral populations[6].

345 Demographic inference from genome-wide site frequency spectra

346 To reduce model complexity for demographic inference, we grouped individuals into the
347  minimum number of populations representing unigue evolutionary clusters. Global analysesin
348 TreeMix and SNMF showed the highest support for two populations split by the East River, and
349  hierarchical analyses using discriminate analysis of principal components [2] showed support for
350 isolated urban populations. Collectively, results suggested a minimum of seven putative

351  populations captured most of the genetic variation between populations (Mainland & Manhattan:
352 MM, Long Island: LI, Central Park: CP, Van Cortlandt Park: VC, Inwood Hill Park: IP, Jamaica
353 Bay: JB, Fort Tilden: FT, Fig. 1). Along with hierarchical population structure results, we chose
354  severa of the urban populations to include in demographic modeling based on the size of the
355  park, thereativeisolation of the park due to urbanization, and the population density of white-
356 footed miceinthe park. We generated the multi-population site frequency spectrum (M SFS) for

357  subsets of populations to test specific demographic history scenarios. We used the
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358  dadi.Spectrum.from data dict command implemented in dadi [8] to generate the MSFS. When
359  we created the SNP dataset, we required a SNP to occur in > 50% of individuals from each

360  population, so the M SFS was down-projected to 50% to ensure the same number of individuals
361 forall loci [8]. Oncethe MSFSswere generated, we used the software program fastsimcoal 2 ver
362 25.1[9] for demographic inference. Fastsimcoal2 (fsc2) uses a composite multinomial

363 likelihood approach to infer demographic histories from the site frequency spectrum generated
364  from genomic scale SNP datasets. The expected SFS under user defined demographic scenarios
365  isobtained using coalescent smulations. Fastsimcoal 2 ver. 2.5.1 contained a bug that

366 miscalculated Max Observed Likelihood values if the SFS contained non-integers, leading to
367 Maximum Estimated Likelihoods that are higher than Max Observed Likelihoods. Our data did
368  not display this symptom and when point estimates were re-run using the latest version (fsc25),
369 therewas no impact on the values used here and on the final conclusions presented in the main

370  text.

371 We tested demographic histories under a scenario of population isolation with migration
372  (IM). We compared inferred parameters between six hierarchical IM models (Fig. S3) using the
373  same dataset. There was one two-population IM model (seven free parameters) to test older

374  divergence patterns between MM and LI suggested from the geologic record. The remaining five
375  models were three-population IM models (15 free parameters each) testing for recent urban

376  population divergence. We chose to run separate models investigating each urban population
377  separately in order to avoid incons stencies from over-parameterization. For these remaining

378 models we considered an ancestral population that split at time Tgy2 and then an urban population

379  that split more recently at time Tgiv2. FoOr Tgiva We included a range of divergence times based on
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380 theLGM of the Wisconsin glacier, ~18,000 ybp. For Tg2 we considered divergence times

381 incorporating the timeframe of urbanization in NYC, ~400 ybp. We alowed for migration

382  between all populations, and tested occurrences of population bottlenecks when urban isolation
383  wasincorporated into the model. During likelihood calculation, a conditional maximization

384  agorithm (ECM) is used to maximize the likelihood of each parameter while keeping the others
385  stabilized. ThisECM procedure runs through 40 cycles where each composite-likelihood was
386  calculated using 100,000 coalescent simulations. While increasing the number of simulations can
387  increase precision, accuracy does not significantly increase past 100,000 smulations[9].

388  Additionally, in order to avoid likelihood estimates that oversample parameter values at local
389 maximaacross the composite likelihood surface, we ran 50 replicates with each starting from
390 different initial conditions. We chose the replicate with the highest estimated maximum

391 likelihood score for each model. Using parametric bootstrapping, we generated confidence

392 intervasfor the most likely inferred demographic parameters generated. The SFS was simulated
393  with the parameter values from the highest likelihood model and then new parameter values re-
394  estimated from the smulated SFS. We ran 100 parametric bootstraps. To find consistent signals
395  of divergence that could be attributed to urbanization, we compared parameter values and

396  overlapping confidence intervals between models.

397 DEMOGRAPHIC INFERENCE

398 Parameters were allowed to vary in demographic modeling using fastsimcoal 2, but all six
399  models converged on similar parameter values estimated from the observed M SFS. Parameter
400 estimates with the highest likelihood generally fell within the upper and lower bounds generated

401  from parametric bootstrapping (Fig. S2, Table 1). The first two-population model tested
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402  divergencetime, effective population size, and migration rates between MM and LI populations
403  (LI_MM, Fig. S3). The divergence time for the MM and LI split was inferred to be 13,599 ybp
404  andthe effective density of white-footed micein MM (Ng / size, 0.069 mice/ha) 23x larger than
405 LI (Neg/ size, 0.003 mice/ha) (Table 1). Divergence times are based on a generation time of 0.5
406  yearsfor Peromyscus leucopus. Migration was also inferred to be low (< 1 individual per

407  generation) between MM and LI (Table 1).

408 The inferred demography for the more complex three-population models generally

409  supported results from the two-population model. The first two complex models both estimated
410 thedivergence between MM and LI, but one model tested for divergence of JB and LI after the
411 MM and LI split (L1_JB_MM, Fig. S3) while the other model tested divergence between FT and
412 LI after the MM and LI split (LI_FT_MM, Fig. S3). Thismodel also tested the likelihood of a
413  bottleneck event when FT and JB, both urban populations, diverged. We set up the other three
414 complex modelsin anidentical fashion, except we tested the urban populations of CP

415 (LI_MM_CP, Fig. S3), VC (LI_MM_VC, Fig. S3), or IP (LI_MM_IP, Fig. S3) for divergence
416  from MM after the MM and LI split. Point estimates for demographic parameters converged on
417  similar values and generaly fell within the 95% confidence limits from parametric bootstrapping
418 (Fig. S2, Table 1). The average divergencetimefor MM and LI was 14,679 ybp, SD = 956.19.
419  Similar to the two-population model, the MM Ng was larger than the LI Ne. While the effective
420  population sizes for the urban parks were smaller than Ng for MM or L1, the urban populations
421  contained much higher effective population densities (CP: 28.7 mice/ ha, IP: 79.21 mice/ ha, JB:
42?2 23.8 mice/ ha, FT: 24.3 mice/ ha, VC: 0.36 mice/ ha) than either MM (0.069) or LI (0.003). The
423  individual urban populations all had Ne values 10x smaller than MM, but often similar to LI. The

424  divergencetime for the five tested urban populations, even with variation in number of
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425  generations per year, was consistent with the timeframe of urbanization (mean divergence = 233
426  ybp; SD = 164.5). Our demographic models proved to be rather robust in returning reasonable
427  parameter values with consistent convergence to similar values across replicates. Although wide
428  confidence intervals on many parameters suggest low resolution in inferring parameter values
429  given the modd and data, they are likely a consequence of the complexity of the model given the
430  number of parameters and wide parameter ranges. The narrow confidence intervals on other

431  parameters suggest that these inferences reliably capture important aspects of the true

432  demographic history of white-footed micein NY C, especially given the often biologically

433 unredlistic parameter search space (See est files). One limitation in using Radseq data for

434  demographic analysisis the effect that allelic dropout has on genetic variation. Mutations can
435 accumulatein RE cut sites causing the loss of loci with potentially higher mutation rates [10].
436  Thus, ddRADSeq may underestimate genetic diversity [11] and inflate sequence divergence

437  [12,13]. We addressed this limitation by setting a minimum coverage limit and minimizing

438  missing datathat might be caused by allelic dropout [11]. We also used multiple other methods
439  including discriminant analysis of principle components, sparse non-negative matrix

440 factorization, classical population genetics statistics, and composite likelihood for population tree

441 inference, to confirm our demographic analysis findings and inform our demographic modeling.
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FIGURESAND TABLES
Table 1. Inferred demographic parameters with 95% confidence values from parametric bootstrapping for the three main fastsimcoal2 model varieties. (See Table S2
for remaining models)
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491 Ne = effective population size. Time of divergenceisin generations. Migration is reported as the coalescent m, proportion of individuals that move from one

492  population to another per generation.
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493  Figurel

494  (A) Map of all sampling sitesin NY C and the surrounding region. Colors correspond to the

495  National Land Cover Database: Dark Red = Urban High Density Development; Light Red =

496  Urban Medium to Low Density Development; Greens = Forested areas; Y ellow = Grasslands.
497  Squares = sampling sitesfrom MM. Circles = sitesfrom LI. Y ellow shapes = sites used for urban
498  population demographic analysis. (See Suppl File 1, Table S1 for full site names). (B) TreeMix
499  population tree. Red arrows represent significant admixture using TreeMix and 3 gtatistics. The
500 drift parameter is plotted along the x-axis and represents the amount of genetic drift along the
501  branch. Letters = sampling site codes (See Table S1 for full names, AP and CN were combined
502 for al other analyses). Lettersin bold and colored branches correspond to urban sampling sites
503  described in Fig. 1A and show urban populations with relatively high levels of divergence to non-
504  urban populations, as evidenced by long-branch lengths.

505
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