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Abstract Urbanization may affect genetic differentiation

among animal populations because it converts native vege-

tation to novel land cover types that can affect population

connectivity. The effect of land cover change on genetic

differentiation may vary among taxa; mobile birds may be

least affected. Regardless, genetic differentiation between

populations should be best predicted by measures of dis-

tance that incorporate the effect of land cover on move-

ment. We studied the relationship between land cover and

genetic differentiation in Song Sparrows (Melospiza

melodia) at eighteen sites in the Seattle metropolitan

region. We generated a series of hypothetical ‘‘resistance

surfaces’’ based on land cover and development age, cal-

culated ‘‘resistance distances’’ between pairs of sampling

sites, and related them to pairwise genetic differentiation.

Genetic differentiation was best described by a multiple

regression model where resistance to gene flow (1) linearly

increased with age of development and (2) was greater in

high- and medium-density urbanization than in native

forest land cover types (R2 = 0.15; p = 0.003). The single

variable with the highest correlation with genetic differ-

entiation was derived from a linear relationship between

development age and resistance (R2 = 0.08; p = 0.007).

Our results thus suggested that urban development reduced

population connectivity for Song Sparrows. However, the

relation of development age to genetic differentiation

suggested that equilibrium was not yet reached. Hence, the

effects of lost connectivity will increase. Our understand-

ing of the landscape genetics of this recently anthropo-

genically modified landscape benefited from considering

population history.
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Introduction

Urbanization poses a conservation challenge to animals by

increasing the resistance of the landscape to dispersal,

movement, and gene flow. Native vegetation is converted

to new types of anthropogenically induced land cover,

which alter movement rates or create barriers for animals

(Whittaker and Marzluff 2012). Organisms may not travel

safely through novel urban land covers where survival can

be reduced by increased predation or reduced food

resources (Marzluff 2001; Lepczyk et al. 2003). Moreover,

the degree of connectivity among fragments is not simply a

function of direct dispersers, but also includes stepping-

stone movements over the course of multiple generations

(Crochet 1996). Population connectivity is necessary for

viability of metapopulations (With 2004), as it reduces

local extinctions, accelerates recolonization (Hanski 1999),

and limits the deleterious effects of inbreeding (Saccheri
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et al. 1998). Conservation of native species thus requires

the consideration of connectivity among populations and

not simply preservation of existing habitats (Marzluff and

Rodewald 2008).

The degree to which population connectivity is affected

by changes in land cover may be related to a species’

dispersal ability (Bohonak 1999). Movement by nonvolant

terrestrial species is often severely impeded by barriers

created by anthropogenic land cover change (Trombulak

and Frissell 2000; Andrews and Gibbons 2005), but it is

less clear how volant species such as birds might be

affected. Birds can fly over barriers, but they may also

exhibit behavioral responses affecting movement (Harris

and Reed 2002). Furthermore, the amount of breeding

habitat within the range of common dispersal distances

facilitates stepping-stone gene flow over multiple genera-

tions, so reduced habitat availability could result in less

population connectivity despite birds’ high mobility.

Movement of birds among populations is difficult to

monitor directly, but can indirectly be studied using genetic

methods (Raybould et al. 2002). Genetic differentiation

among populations can be used to infer their isolation or

connectivity (Hedrick 2000), which in turn can be related to

landscape characteristics in order to make inferences about

processes affecting connectivity (Manel et al. 2003).

Resistance surfaces are maps that represent the relative

resistance to movement for organisms moving through a

landscape. Multiple resistance surfaces can be developed for

different hypotheses of the relative resistances of different

land cover types. By examining the relationship between

genetic differentiation and distances derived from resistance

surfaces, factors that influence population connectivity can

be identified (e.g., Cushman et al. 2006; Lee-Yaw et al.

2009; Schwartz et al. 2009; Garroway et al. 2011).

We were interested in understanding how land cover

change due to urbanization might affect population con-

nectivity of forest songbirds in the greater Seattle region.

We chose Song Sparrows as our focal species for this

research for several reasons. They are locally dense in

appropriate habitat (Arcese et al. 2002), have short gener-

ation times (average breeding age is 1.9–2.2 years, derived

from Arcese et al. 2002), are non-migratory, having the

shortest dispersal distance of common resident birds in

western Washington (median = 200 m; Sutherland et al.

2000; Whittaker and Marzluff 2012), and can have fine-

scale genetic structure in populations separated by less than

10 km, and even less than 2 km in island populations

(Wilson et al. 2011), traits which increase the likelihood of

observing differentiation at the relatively small spatial and

temporal scales of our urban study system. Song Sparrows

are commonly found in forest fragments throughout the

region (Donnelly and Marzluff 2006), but use residential

areas for foraging, particularly in the non-breeding season

(C Templeton, personal communication). While it is pos-

sible for Song Sparrows to utilize and travel through urban

land cover (Whittaker and Marzluff 2009, 2012), it does

not have the dense shrub understory structure and native

vegetation of the forests typically used for breeding. The

reduction of breeding habitat availability in urban land-

scapes may inhibit the stepping-stone dispersal movements

necessary for widespread gene flow. Furthermore, radio-

tracking of juvenile Song Sparrows showed that their

movements were slowed by high-density urbanization, and

somewhat by low-density urbanization (Whittaker and

Marzluff 2012).

For these reasons, we hypothesized that urban land

cover would reduce Song Sparrow population connectivity.

To investigate this hypothesis, we examined the relation-

ship between genetic differentiation and distances derived

from resistance surfaces reflecting a range of hypotheses

for relative resistances of land cover types. We predicted

that the relationship would be strongest for distances

derived from resistance surfaces in which urban land cover

types had high resistances. We predicted that high density

urban land cover would create the highest resistance to

movement, while lower density urban land cover would

have intermediate resistance to movement, and land cover

types such as forests, grassland, and agriculture would

have the least resistance to movement. If land cover types

did not influence connectivity, resistances of all land

cover types would be essentially the same, genetic differ-

entiation would be most related to geographic distance, and

isolation by distance (Wright 1943; Rousset 1997) would

be observed.

Additionally, population differentiation increases with

duration of population isolation. Differentiation begins

increasing when gene flow is reduced, but it may take

generations to reach a new migration-drift equilibrium in

an altered landscape (Varvio et al. 1986; Whitlock and

McCauley 1999; Landguth et al. 2010). Therefore, if

urbanization inhibits connectivity, the presence of urbani-

zation between populations for longer time would cause

more differentiation between those populations. The age of

development should be positively related to resistance,

purely via the reduction of gene flow over more time

causing more differentiation, and independent from a

potential relationship between development age and urban

habitat quality, which we found no evidence for affecting

connectivity. Thus we expected that resistance distances

calculated from development ages should also be better

predictors of genetic differentiation than geographic dis-

tance. Finally, we hypothesized that land cover type and

development age would each affect population differenti-

ation through their separate but related mechanisms—via

differences in rates of gene flow and via duration of

reduced gene flow, respectively. We predicted that a
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multiple regression model that had resistance distances

based on both land cover and development age would

outperform single variable models. A positive relationship

between genetic differentiation and distances derived from

resistance surfaces in which urbanization had high resis-

tance or in which development age was related to resis-

tance would suggest that urbanization reduced gene flow

among the Song Sparrow populations.

Materials and methods

Study area

We located study sites in a 1,700 km2 study area including

the lowlands (\500 m elevation) around Seattle, Wash-

ington, USA (47�360N, 122�190W; Fig. 1; Online Resour-

ces 1 & 2). The native vegetation is mostly moist temperate

forest, much of which has been converted to urban land

cover as the metropolitan region has expanded over the

past 50 years (Robinson et al. 2005; Puget Sound Regional

Council 2007). We selected 18 forested study sites with

abundant Song Sparrows (Melospiza melodia), spanning a

broad gradient of urbanization and a broad range of geo-

graphic distances in between them (median: 22.4 km;

range 1.4–55.4 km). Sixteen study sites were part of a

long-term study of the effects of ongoing urbanization on

forest songbirds, selected to provide a random sample of

landscapes stratified by urban patch size, urban land cover,

and forest aggregation (Donnelly 2002; Marzluff et al.

2007). Two additional sites in Seattle were included to

extend the urban end of the gradient. Song Sparrows were

relatively common in our study area: 50-m radius point

count surveys at our sites averaged 0.50 Song Sparrows per

point (SD = 0.31; Unfried 2009), a pattern corroborated

by three Breeding Bird Survey (Sauer et al. 2011) routes

closest to our study sites that averaged 0.65 Song Sparrows

per survey point (SD = 0.28).

Sample collection

We captured 469 Song Sparrows during the breeding sea-

sons (March–August) of 2004–2007 in mist nets placed

throughout the forested areas of the eighteen study sites.

Fig. 1 Maps of the study area and of sampling locations. a Five-class

land cover derived from 14-class land cover classification of 2002

Landsat imagery (Online Resource 2). Vegetation land cover includes

deciduous-mixed forest, coniferous forest, regenerating forest, clear-

cut, grass, and non-forested wetland; low-density urban land cover has

\50 % impervious surface; high- and medium-density urban land

cover has [50 % impervious surface; non-habitat includes agricul-

ture, snow/rock/ice, and shoreline. b Average age of developments

within 500 m radius derived from county assessor parcel databases

Conserv Genet (2013) 14:41–53 43
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Nets were placed both arbitrarily throughout the study site

and also targeting specific birds by placing nets within their

territories and attracting them with the aid of song playback

and decoys. Once in hand, we collected either a feather or a

blood sample or both for use in genetic analysis. We col-

lected blood by pricking the ulnar vein with sterile needle

(Arctander 1988), and gathered the resulting blood droplet

(*50–100 ll) with a capillary tube, which we then trans-

ferred to a storage medium. We stored blood on an FTA�

card (Whatman� BioScience), or in 1 ml 95 % ethanol or

in 1 ml sterile isotonic buffer (19 SSC: 0.15 M NaCl;

15 mM trisodium citrate, pH 7.0; 10 mM EDTA, pH 7.4)

kept cold in a portable ice box until transfer to long-term

storage at -20 �C (Bruford et al. 1992). For feathers, we

pulled one or two rectrices or five to ten breast feathers

from the bird and stored them in a paper envelope at room

temperature with desiccants.

DNA was extracted from blood on FTA� cards fol-

lowing Whatman’s� protocol for blood. Purified FTA�

discs were then placed in 50 ll water and heated for

10 min at 90 �C to suspend the DNA in water for ease of

sample processing thereafter (Smith and Burgoyne 2004).

We extracted DNA from blood stored in ethanol, SSC, and

feathers using the DNeasyTM Tissue Kit (QIAGEN), fol-

lowing the manufacturer’s protocol for cultured cells, with

some modifications in the lysis steps (Unfried 2009).

Sample analysis

We genotyped each bird at 12 polymorphic microsatellite

loci that have been used in genetic research on Song Spar-

rows: Mme1, Mme2, Mme7, Mme8 (Jeffery et al. 2001),

GF2.35, Escu1 (Chan and Arcese 2002), Sosp01, Sosp02,

Sosp04, Sosp07, Sosp08, and Sosp14 (Sardell et al. 2010).

Polymerase chain reaction (PCR) conditions for Mme1,

Mme2, Mme7, Mme8, Escu1, and GF2.35 were optimized in

our laboratory from published protocols (Chan and Arcese

2002; details in Unfried 2009; Online Resource 3). We added

‘‘tails’’ to the 50 end of the reverse primers for some prob-

lematic loci to reduce scoring errors resulting from single

base pair addition caused by adenylation (GTTTCTT for

Mme2, Mme7 and GF2.35; GCTTCT for Mme8; Brownstein

et al. 1996). We used a M13 fluorescent labeled primer

protocol for Sosp01, Sosp02, Sosp04, Sosp07, Sosp08, and

Sosp14. M13 protocols allow flexibility and affordability in

screening loci (Schuelke 2000; Boutin-Ganache et al. 2001).

Genotyping was conducted on ABI 3100, 3130xl, and 3730xl

automated sequencers (Applied Biosystems Inc., Foster

City, California), and allele reads were made in GeneMapper

3.7 software and verified manually. We used samples from

eight birds with a wide range of allele fragment sizes to

calibrate adjustment curves for potential differences in

fragment size reads among sequencers. After calibration, we

compared 356 additional alleles scored on more than one

sequencer (132 comparisons between ABI 3100 and ABI

3130xl, 172 comparisons between ABI 3100 and ABI

3730xl, and 52 comparisons between ABI 3130 and ABI

3730xl), of which 339 (95.2 %) were identical. Differences

between sequencers were not due to misreading the fragment

lengths; of the 17 alleles that were scored differently, 14

discrepancies were due to a misidentified fragment peak

rather than fragment length. The 4.8 % genotyping error rate

between sequencers was comparable to the 4.9 % genotyp-

ing error rate within sequencers (36 discrepancies out of 736

duplicate allele calls). In general, genotypes from blood

extractions were scored more easily, though one locus

(Mme1) better amplified from feather extractions. We gen-

otyped 373 of the birds at all 12 loci, and 445 were genotyped

at[10 loci. The number of birds genotyped per sampling site

ranged from 17 to 52 (mean = 26.1, median = 23.5).

Landscape analysis

Our analytical approach was to generate resistance surfaces

that reflected our hypotheses for the effects of land cover

on population connectivity, then compute either the circuit

theory resistance distance or least cost distance (hereafter

collectively referred to as resistance distances, see below)

between each pair of sampling sites, and finally compare

the resistance distance to the genetic differentiation

between each sampling site pair. This process was repeated

for a series of different resistance surfaces, each reflecting

a different set of hypothetical resistances for land covers.

We were most interested in the effects of urban land cover

types relative to more natural land cover types. Hence,

most hypotheses involved variation in urban land cover

resistances (Table 1). In addition to the null hypothesis that

all land covers had equal resistance (isolation by distance),

we had five sets of hypotheses in which high- ([80 %

impervious surface), medium- (50–80 % impervious

surface), and low-density (20–50 % impervious surface)

land cover resistances varied in relation to one another

(Table 1). We also included resistances of non-inhabitable

land cover: agriculture, water, and snow/rock/ice. For each

category of hypotheses, we varied the land cover in ques-

tion over several orders of magnitude, namely twice to

1,000 times the resistance of more natural land cover. We

suspected that non-inhabitable water, snow/rock/ice, agri-

culture and shoreline would deter dispersal, so high resis-

tance values for these were included in some of the urban

hypotheses sets.

In order to calculate resistance distances between pairs

of sites, we created resistance landscape maps based on

classified land cover geographic information system (GIS)

grids and county parcel shapefiles that included year-built

data fields. Using a 14-class land cover map with 30-m

44 Conserv Genet (2013) 14:41–53

123



resolution derived from 2002 Landsat TM images (Fig. 1a;

Online Resource 2) as a starting point, we reclassified

pixel values of various land cover types to hypothetical

resistance values in ArcView 3.3 (ESRI 2002). We also

developed a development-age GIS grid, derived from King

County and Snohomish County Assessors’ parcel databases

by subtracting the year-built from 2008. Non-developed

parcels were assigned the age of 0.1. We hypothesized that

resistance would be linearly related to development age, so

resistance at each pixel equaled the development age. To

avoid the problem of having areas within developed areas

with no development year, such as roads, the development

age for each pixel was calculated as the mean of the pixels

within a 500 m circle (Fig. 1b). Two development age

resistance surfaces were created to account for hypotheses

about the effect of water in relation to development

age-related resistance: one hypothesis in which water was

given a resistance of 1,000, the resistance of ancient

development, and a second hypothesis in which water’s

resistance was 0.1, as if water influenced dispersal like an

undeveloped area.

We used two methods for determining land cover

resistance distances between sampling points based on the

resistance surfaces. Least cost cumulative distance was

calculated with the ArcView extension PATHMATRIX (Ray

2005) which determines the single path that minimizes the

sum of the accumulated cost distance between the sampling

points. Circuit theory landscape resistance calculated in

Circuitscape v.3.0.1 (McRae et al. 2008) represents resis-

tance between two points over the entire landscape, treat-

ing the landscape as grid of resistors creating a circuit.

The two methods produce correlated results, but their

Table 1 Description of hypotheses for land cover resistance from which resistance distances were calculated

Hypothesis seta Land cover with various

higher relative resistance

values

Varying levels of resistance

(#) within hypothesis subset

Land cover(s) with constant

higher relative resistance (value)

Null All equal 1b

Urban9# High-, medium-, and low-

density urban

2, 4, 10, 33, 100b, 333, 1000b

Urban9#,Non-habitat9100 High-, medium-, and low-

density urban

1, 2, 4, 10, 33, 100b, 333,

1000

Non-habitatd (100)

MediumLow-Urban9#,High-Urban&

Non-habitat9100

Medium- and low-density

urban

1, 2, 4, 10, 33b Non-habitatd (100); High-

density urban (100)

Low-Urban9#,HighMedium-Urban&

Non-habitat9100

Low-density urban 1b, 2, 4b, 10, 33b Non-habitatd (100); High- and

medium-density urban (100)

Medium-Urban9#,High-Urban&

Non-habitat9100

Medium-density urban 2, 4, 10, 33b Non-habitatd (100); High-

density urban (100)

Water9# Water, snow/rock/ice 2, 4, 10, 33, 100, 333, 1000

Agriculture9# Agriculture (row crops,

pasture)

2, 4, 10, 33, 100b, 333

DevelopmentAge=Resistance,Water91000b N/Ac N/A Water (1000)

DevelopmentAge=Resistance,Water90.1 N/Ac N/A Water (0.1)

The null model was that all land covers had equal resistance values of one (isolation by distance calculated on a GIS grid). Five sets of

hypotheses in which high- ([ 80 % impervious surface), medium- (50–80 % impervious surface), and low-density (20–50 % impervious

surface) urban land cover resistances varied, as well as hypotheses for resistances of non-inhabitable land cover: agriculture, water, and snow/

rock/ice. For each set of hypotheses, we varied the land cover in question over several orders of magnitude, namely twice to 1,000 times the

resistance of natural land cover
a For each hypothesis set, several individual hypotheses were created by varying the land cover type’s relative resistance over the range of values

denoted in the third column, and the name of the hypothesis was modified by inserting the corresponding resistance value in place of the ‘‘#’’ in

the hypothesis name. For example, in the ‘‘Low-Urban9#,HighMedium-Urban&Non-habitat9100’’ hypothesis set, five hypothetical resistance

landscapes were generated and tested, each of which had a different resistance value assigned to low-density urban land cover, while high- and

medium-density urban and non-habitat land covers had resistance values of 100, and all other land covers’ resistance values were one. This

resulted in models Low-Urban91,HighMedium-Urban&Non-habitat9100, Low-Urban92,HighMedium-Urban&Non-habitat9100, Low-

Urban94,HighMedium-Urban&Non-habitat9100, Low-Urban910,HighMedium-Urban&Non-habitat9100, and Low-Urban933,HighMedium-

Urban&Non-habitat9100, which had low-density urban land cover resistances of 1, 2, 4, 10, and 33, respectively, within that set of hypotheses
b Indicates hypothesis for which additional resistance distances were also calculated using Circuitscape. All hypotheses had least cost path

resistance distances calculated
c Not applicable; for these hypotheses, the resistance of a pixel was linearly related to the age of the development in that pixel, independent of

land cover type
d Non-habitat included agriculture, snow/rock/ice, water, and shoreline

Conserv Genet (2013) 14:41–53 45
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differences are important. Circuitscape’s landscape resis-

tance values incorporate all possible routes between two

points in a landscape, while PATHMATRIX just finds the

shortest landscape distance between two sites, even if there

is little connectivity elsewhere. Sampling site coordinates

were calculated as the centroids of the capture locations,

territory centers, or resighting locations of all the geno-

typed birds at a sampling site. Due to computational

limitations, GIS grid pixels were aggregated to 60 m res-

olution on a subset of nine resistance surfaces for analysis

with Circuitscape.

Statistical analysis

Genetic summary statistics He, FIS, and allelic richness were

calculated in Fstat v.2.9.3.2 (Goudet 2001). Hardy–Weinberg

equilibrium and linkage disequilibrium of loci per sampling

location was tested with a probability test in Genepop v.4.0

(Rousset 2008), with 10,000 dememorization steps followed

by 20 batches of 5,000 iterations per batch. We also checked

for sex linkage of the 12 loci by coding sex as a locus and

testing for linkage disequilibrium in Genepop.

To examine differentiation between pairs of sampling

locations, we calculated pairwise FST-values by the esti-

mator h (Weir and Cockerham 1984) for all sampling

location pairs and tested their significance with an exact

G-test in Genepop. Multiple comparisons were controlled

for with a sequential Bonferroni adjustment (Holm 1979).

The magnitude of FST estimators of population differen-

tiation are limited by within-population heterozygosity

(Hedrick 2005), so population differentiation estimates

may be influenced by the loss of heterozygosity (HE) in

small populations. To check for this effect, we recoded the

data so that there was no overlap in allele sizes among

populations in RecodeData v.0.1 (Meirmans 2006) and

then calculated the maximum possible FST-value account-

ing for within-population heterozygosity. The maximum

possible pairwise FST-values determined from recoding

data ranged from 0.222 to 0.256, and the standardized

h = 0.042. The correlation between pairwise h and pair-

wise h standardized for within-population heterozygosity

was 0.996 (p \ 0.001, df = 151), so raw pairwise h was

used for analysis. Furthermore, heterozygosity was similar

among populations (range of mean HE: 0.734—0.783), so it

would have little effect on our models. To further inves-

tigate the potential for population size to influence FST, we

estimated the effective population size (Ne) at each sam-

pling location using a sibship method in Colony 2.0 (Wang

2004) that can accommodate genotyping error and allelic

dropout during sibship assignments, which we set at 0.035

and 0.014 per locus, respectively.

We modeled a linear regression of genetic differentia-

tion, h/(1 - h) (Rousset 1997), on resistance distances

between sites for each hypothesis in R (R Development

Core Team 2008) to calculate R2 and slope coefficients.

We then performed model selection on Akaike’s An

Information Criterion (AIC; Burnham and Anderson 2002)

to determine which hypotheses for land cover resistances

best fit the genetic data. We regressed genetic differentia-

tion on resistance distances derived from least cost paths

for 43 land cover hypotheses and two development age

hypotheses, and resistance distances derived from circuit

theory in Circuitscape for nine land cover hypotheses and

one development age hypothesis. Finally, to test the

hypothesis that both land cover type and development

age affect gene flow, we performed multiple regression

of genetic differentiation on the linear combination of

development-age circuit theory resistance distance with

each of 52 land cover hypothesis distances with their

interaction. We tested the significance of regressions by

permuting the rows and columns of the response variable

distance matrix 2000 times to generate a distribution of the

R2 statistic for comparison with observed values (Anderson

2001). For the top ten models, with p values close to

1/2,000, the permutation test was run for 10,000 iterations

to obtain a precise p-value.

Results

Genetic diversity was generally high at all loci (mean

HO = 0.56–0.90, mean HE 0.66–0.91; Online Resource 4),

with the exception of locus Sosp08 (HO = 0.20 and

HE = 0.22; Online Resource 4). Mean allelic richness

was similar among sites, ranging from 6.4 to 7.5 alleles

per locus (Online Resource 4; SE: 0.77–1.01, two-factor

ANOVA F17,187 = 1.38, p = 0.15). Of 216 locus-site

combinations, 31 had significantly positive FIS, suggesting

that some loci were not in Hardy–Weinberg equilibrium in

particular populations. However, after sequential Bonfer-

roni adjustment for multiple tests just three of those locus-

site combinations’ FIS remained significant. There were no

consistent patterns among loci or sites to suggest that

any particular locus or site was out of Hardy–Weinberg

equilibrium. Four of 1,151 tests for linkage disequilibrium

remained significant after sequential Bonferroni adjust-

ment. Tests for linkage with sex showed eleven of the 12

loci were not sex-linked; the exception was Mme7, which

is Z-linked, so female and unknown sex birds were coded

as missing data for the missing allele (Chan and Arcese

2002). Effective population sizes were similar among sites

(mean Ne = 38.1, range: 25–50; Online Resource 1). The

similarities among effective population sizes as well as

among within-population heterozygosities, the fact that

observed FST-values were much smaller than the maximum
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possible FST-values, and the high correlation between raw

FST-values and FST-values corrected for within-population

heterozygosity led us to conclude that population size and

heterozygosity would have minimal effect on FST-values,

so we used raw FST-values in our analysis.

For the entire study area, genetic differentiation was

low, but significant (h = 0.010; 99 % CI: 0.005–0.016).

Pairwise h between sampling locations ranged from

-0.004 to 0.028 (Table 2). Differentiation was significant

between 125 of 153 pairs at p \ 0.05, and 81 of those tests

for differentiation remained significant after sequential

Bonferroni adjustment. The sites that were most differen-

tiated from the others tended to be those in older or denser

urban developments (Table 2; Fig. 1): SS (significantly

differentiated from 16 other sites), DP (15 significant dif-

ferences), and BE (15 significant differences). In contrast,

the sites that were differentiated from the fewest other sites

were those in areas most recently developed, least devel-

oped, or in or near large forest reserves: CW (one signifi-

cant difference), BL (two significant differences), and SM

(three significant differences).

The hypothesis that resistance was linearly related to age

of development and that water’s resistance was like that

of ancient development was the best single-variable

model predicting FST (DevelopmentAge=Resistance,Water9

1000_csr; R2 = 0.08; p = 0.007; Fig. 2a; Table 3). The

single-variable land cover type hypothesis that best pre-

dicted differentiation was Urban91000, meaning that all

urban land cover types were 1,000 times more resistant to

dispersal than all other land cover types. There was a

positive relationship between resistance distance and

genetic differentiation, though marginally non-significant

(Urban91000; DAIC = 11.68; R2 = 0.06; p = 0.08;

Fig. 2b; Table 3). There was no clear relationship between

population differentiation and the null model of all-equal

resistance (isolation by distance), and this non-significant

trend was negative (Null; DAIC = 19.60; Fig. 2d;

Table 3). Hypotheses involving only water or agriculture

did not predict genetic differentiation (Online Resource 5).

Genetic differentiation was most strongly related to the

multiple regression hypothesis that resistance increased

with development age (DevelopmentAge=Resistance,

Water91000_csr) and with high and medium urbaniza-

tion (Low-Urban91,HighMedium-Urban&Non-habitat9100;

R2 = 0.15; p = 0.003; Table 3). The hypothesis Low-

Urban91,HighMedium-Urban&Non-habitat9100 was pos-

itively correlated to differentiation in a single regression

(Fig. 2c), but was negatively correlated to differentiation

in a multiple regression including development age, as

were many of the land cover hypotheses that had positive

relationships with differentiation (Table 3; Online

Resource 5).

Discussion

The positive relationship between genetic differentiation

and resistance distances assuming high effects of urbani-

zation indicated that Song Sparrow connectivity has been

reduced by urbanization in the Seattle metropolitan region.

Low overall genetic differentiation indicated gene flow

throughout the study area, yet many of the study sites were

significantly differentiated from one another. Furthermore,

the relationship between geographic distance and genetic

differentiation was non-significant, suggesting that a dis-

tance measure other than Euclidian distance contributed

to genetic differentiation, or some other factors were

involved. Given equal migration rates and time since

divergence, population differentiation is higher in small

populations because they are more affected by genetic

drift. However, estimates of effective population sizes and

genetic diversity were similar among study sites, so pop-

ulation sizes should not have had a major influence on

differentiation. Development age and urban land cover

together best explained genetic differentiation, accounting

for 15 % of the variation in FST-values. It appears that

urban land cover affects bird connectivity, even at the

small scale of the Seattle metropolitan region. Although

birds have the ability to fly over and beyond unsuitable

habitat, factors such as their behavioral avoidance of

crossing habitat gaps (Harris and Reed 2002), increased

mortality, and reduced breeding habitat (Marzluff 2001)

might contribute to decreased movement and gene flow

through urban landscapes. The fact that urban landscapes

reduce population connectivity for a relatively mobile,

disturbance-tolerant species such as the Song Sparrow

may not bode well for less mobile, disturbance-intolerant

species.

The age of developments in the landscape was related to

genetic differentiation in Song Sparrows, as predicted.

Development-age derived landscape resistance was corre-

lated with genetic differentiation, providing evidence that

urbanization restricted gene flow. Genetic differentiation

accumulates over time in the absence of migration, so more

time should result in more differentiation until equilibrium

is reached (Whitlock and McCauley 1999; Landguth et al.

2010). Theoretically, reaching equilibrium in FST-values

can take very long with low migration rates (Whitlock and

McCauley 1999), but if equilibrium is achieved, by defi-

nition FST-values should not change much over time, and

the relationship between genetic differentiation and dura-

tion of reduced gene flow should disappear. We found that

older development age between populations was related to

more differentiation, consistent with the expectation that

longer periods of reduced gene flow should cause increased

genetic differentiation. Thus, very low FST-values may
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have been due to recent separation rather than ongoing

gene flow, and we observed a time lag between the land

cover change and its effect on population differentiation

(Landguth et al. 2010). However, even the sites that have

been separated by older development had relatively small

FST-values, suggesting that some gene flow still occurred,

though reduced by urbanization. As Song Sparrow popu-

lations continue to exist in urbanized landscapes, popula-

tion connectivity and gene flow will likely be further

reduced, resulting in small isolated populations being more

subject to deleterious effects of inbreeding. A comparison

of naturally and anthropogenically fragmented Song

Sparrow populations found that genetic diversity was

relatively lower in urban Song Sparrows, despite similar

levels of differentiation, suggesting that ecological factors

in the urban landscape such as different sources of mor-

tality may further affect population genetics (MacDougall-

Shackleton et al. 2012).

Our results suggest that some gene flow persists in urban

environments despite small median dispersal distances.

Song Sparrows contain many subspecies across nearly all

of North America and the level of differentiation across
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Fig. 2 Linearized genetic differentiation versus resistance distance.

a Resistance distance as a linear function of development age,

hypothesis DevelopmentAge=Resistance,Water91000 (R2 = 0.08;

p = 0.007). b Resistance distance as a function of land cover,

hypothesis Urban91000, meaning that all urban land cover types

are 1000 times more resistant than all other land cover types

(R2 = 0.06; p = 0.08). c Resistance distance from hypothesis

Low-Urban91,HighMedium-Urban&Non-habitat9100 (R2 = 0.01;

p = 0.429). d Resistance distance based on the null hypothesis that

all land covers have equal resistance to dispersal (isolation by

distance; R2 = 0.01; p = 0.389). Pairwise resistance distances calcu-

lated in Circuitscape are given in a and c and those from least cost

paths are given in b and d
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their range can be much larger (FST = 0.00–0.40; Pruett

et al. 2008a) than what was found in our study. Many of

those larger differences are related to long term biogeo-

graphic effects, such as small populations on islands,

and subspecific reproductive isolation, rather than recent

anthropogenic change. Yet small scale genetic structuring

has been observed previously in Song Sparrows (Wilson

et al. 2011). The range of pairwise FST-values we observed

were comparable to those seen in other regions, such as the

San Francisco Bay area and coastal British Columbia,

particularly when accounting for subspecific differentiation

(Chan and Arcese 2003; Wilson et al. 2011). Also similar

to our results, Song Sparrows did not exhibit isolation by

distance over the San Francisco Bay area and coastal

British Columbia (Chan and Arcese 2003; Wilson et al.

2011). Yet morphological and behavioral differences

occurred among five subspecies in the Bay area, despite

relatively high levels of gene flow suggested by the low

range of pairwise FST-values among subspecies (Chan and

Arcese 2003; Pruett et al. 2008b). Local population adap-

tation may have been facilitated by reduced gene flow, but

selection by environmental conditions was the driving

factor for morphological differentiation (Chan and Arcese

2003). Similarly, reduced gene flow, combined with

selective pressure from the urban environment, has the

potential to enable local adaptation in urban Song Sparrows

in our study system. House Finch (Carpodacus mexicanus)

populations in urban areas have experienced reproductive

isolation and differentiation as a result of natural selection

on bill morphology due to altered food availability (Bad-

yaev et al. 2008). Song Sparrows are somewhat tolerant of

urban development, venturing into vegetated suburban

neighborhoods to use bird feeders in the non-breeding

season, so reduced gene flow might allow selection for

eating the novel urban food resources to result in beneficial

adaptations. However, the benefits of such adaptations

might not outweigh the declines and extirpations of small

populations that no longer receive the immigration neces-

sary to sustain them. Urbanization has the potential to

impact population connectivity even for vagile birds, which

may result in positive or negative consequences.

Year-round resident populations such as these Song

Sparrows may suffer greater effects from habitat frag-

mentation, compared with annual long-distance migrants.

Migratory birds have more opportunity for dispersal than

sedentary species, through the process of breeding site

selection during annual migration. For example, more gene

flow was found amongst migratory populations of House

Wrens (Troglodytes aedon) than sedentary populations

(Arguedas and Parker 2000). Other migratory species

such as Cerulean Warblers (Dendroica cerulea) and

Tree Swallows (Tachycineta bicolor) have no genetic

Table 3 Model selection by AIC for fit of pairwise genetic differentiation (FST/(1 - FST)) on landscape resistance distance in Song Sparrows

Modela K AIC DAIC Beta coefficient R2 p

Land cover Development age

Urban1 ? DevelopmentAge 4 -1514.87 0.00 -1.52 9 10-7 1.18 9 10-4 0.149 0.003

Urban2 ? DevelopmentAge 4 -1514.36 0.51 -2.25 9 10-4 1.24 9 10-4 0.146 0.005

Urban3 ? DevelopmentAge 4 -1514.36 0.51 -1.38 9 10-7 1.23 9 10-4 0.146 0.003

Urban4 ? DevelopmentAge 4 -1513.89 0.98 -1.25 9 10-7 1.29 9 10-4 0.143 0.003

Urban5 ? DevelopmentAge 4 -1513.70 1.18 -1.07 9 10-7 1.39 9 10-4 0.142 0.003

Urban6 ? DevelopmentAge 4 -1513.41 1.46 -1.07E-08 1.52 9 10-4 0.141 0.001

Urban7 ? DevelopmentAge 4 -1512.98 1.89 -7.26 9 10-8 1.48 9 10-4 0.138 0.004

DevelopmentAge 2 -1506.08 8.79 – 5.38 9 10-5 0.075 0.007

Urban8 2 -1503.19 11.68 1.22 9 10-8 – 0.057 0.082

Null 2 -1495.27 19.60 -5.18 9 10-8 – 0.007 0.389

Beyond the top seven models (those with DAIC \ 2), only the top performing single-variable regression models for development age and land

cover and the null model are presented, out of the 107 models (single and multiple regression) evaluated. K is the number of parameters in

regression model. Multiple regression models included interaction term
a Resistance landscape model names abbreviated in table for clarity, with model names described below corresponding to the model definitions in

Table 1. For example, ‘‘Low-Urban 9 2,HighMedium-Urban&Non-habitat9100’’ is a resistance landscape in which all land cover type pixels have a

resistance value of one, except for high- and medium-density urban and non-habitat land covers, which have resistance values of 100, and low-density

urban land cover has a resistance of two. ‘‘DevelopmentAge’’=DevelopmentAge=Resistance,Water91000_csr; ‘‘Urban1’’=Low-Urban91,

HighMedium-Urban&Non-habitat9100; ‘‘Urban2’’=Low-Urban91,HighMedium-Urban&Non-habitat9100_csr; ‘‘Urban3’’=Low-Urban92,High-

Medium-Urban&Non-habitat9100; ‘‘Urban4’’=Low-Urban94,HighMedium-Urban&Non-habitat9100; ‘‘Urban5’’=Low-Urban910,HighMedium-

Urban&Non-habitat9100; ‘‘Urban6’’=Urban9333,Non-habitat9100; ‘‘Urban7’’=Low-Urban933,HighMedium-Urban&Non-habitat9100; ‘‘Urban8’’=

Urban91000; Null is geographic distance on a grid where all resistances equal one. Hypotheses names ending with ‘‘_csr’’ indicate resistance

distances calculated using Circuitscape. All other distances were calculated as least cost path cumulative distance
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differentiation or population structure over continental

scales (Veit et al. 2005; Stenzler et al. 2009). Although the

sampling schemes in those studies were on a different

scale, the lack of differentiation suggests widespread gene

flow across their ranges. In contrast, we found differenti-

ation between populations as little as 2.4 km apart, which

is similar to the 2–10 km genetic patch sizes found in Song

Sparrows in San Francisco Bay and small islands in British

Columbia (Wilson et al. 2011). Delaney et al. (2010) found

reduced gene flow among habitat fragments over a simi-

larly small scale for Wrentits (Chamaea fasciata) in urban

southern California, a phenomenon corroborated by similar

patterns of gene flow reduction in three lizard species.

Migratory populations of Song Sparrows have higher dis-

persal rates and are more likely to have occurrences of long

distance dispersal than sedentary populations (Pruett et al.

2008b), which should enable better population connectivity

despite urbanization. These results along with ours suggest

that gene flow reduction due to urbanization may be a

conservation concern for year-round resident birds.

While results from a single species cannot be generalized

for other taxonomic groups, the results from Song Sparrows

are illustrative for other species of resident songbirds that

breed in forests surrounded by urbanized areas, because they

share many life history qualities. Our results suggest that

urbanization does restrict population connectivity and cau-

ses population differentiation. Other resident birds native to

Pacific Northwest forest vary in their degree of use of and

movement through urban landscapes. Species that are

restricted to larger, older forests such as Pacific Wren

(Troglodytes pacificus) may be expected to have further loss

of connectivity and local extinctions may increase due to

reduced immigration or the effects of inbreeding. The effect

of urbanization on other species connectivity will depend on

their specific requirements for breeding and migration, and

so further research on other species will reveal more gen-

erally applicable patterns.
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