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Abstract
Introduced species offer an opportunity to study the ecological process of  range expansions. Recently, 3 mechanisms have 
been identified that may resolve the genetic paradox (the seemingly unlikely success of  introduced species given the expected 
reduction in genetic diversity through bottlenecks or founder effects): multiple introductions, high propagule pressure, and 
epigenetics. These mechanisms are probably also important in range expansions (either natural or anthropogenic), yet this 
possibility remains untested in vertebrates. We used microsatellite variation (7 loci) in house sparrows (Passer domesticus), an 
introduced species that has been spreading across Kenya for ~60 years, to determine if  patterns of  variation could explain 
how this human commensal overcame the genetic paradox and expresses such considerable phenotypic differentiation across 
this new range. We note that in some cases, polygenic traits and epistasis among genes, for example, may not have negative 
effects on populations. House sparrows arrived in Kenya by a single introduction event (to Mombasa, ~1950) and have lower 
genetic diversity than native European and introduced North American populations. We used Bayesian clustering of  individu-
als (n = 233) to detect that at least 2 types of  range expansion occurred in Kenya: one with genetic admixture and one with 
little to no admixture. We also found that genetic diversity increased toward a range edge, and the range expansion was con-
sistent with long-distance dispersal. Based on these data, we expect that the Kenyan range expansion was anthropogenically 
influenced, as the expansions of  other introduced human commensals may also be.
Key words: admixture, genetic paradox, invasive species, microsatellites

When nonnative populations spread beyond their sites of  
introduction, they offer a unique opportunity to study the 
ecological processes of  range expansion. Understanding 
range expansion may help predict how species will shift their 
ranges in response to changing environments (e.g., global cli-
mate change) and is important for management of  introduced 
species (Darling and Folino-Rorem 2009). The identification 
of  mechanisms that resolve the genetic paradox (i.e., success-
ful establishment despite a reduction in genetic diversity fol-
lowing introduction) has been an important development in 
invasion biology. Multiple mechanisms may compensate for 
the genetic paradox including multiple introductions gener-
ating genetic admixture (Kolbe et al. 2004, 2008; Dlugosch 
and Parker 2008), ecological release (Kohn 1978), enemy 

release (Keane and Crawley 2002), high propagule pressure 
(Simberloff  2009), and epigenetic processes affecting phe-
notypes (Richards et al. 2012; Schrey et al. 2012; Liebl et al. 
2013). Also, in certain cases, population bottlenecks may 
not have negative effects on populations. For example, it is 
possible that variation in polygenic traits may not decrease 
after a bottleneck (Jarvis et al. 2011), and epistasis may even 
increase additive genetic variance in bottlenecked popula-
tions (Cheverud et al. 1999). Also, founder events may estab-
lish unique situations that precipitate adaptation (Carson and 
Templeton 1984).

The same mechanisms that resolve genetic paradoxes 
following introductions may also be important during 
range expansions (Bronnenhuber et al. 2011). Additional 
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mechanisms should also impact the genetic characteristics of  
incipient populations. For instance, sequential stepwise range 
expansions may decrease genetic diversity and increase genetic 
differentiation via founder effects or bottlenecks (Estoup 
et al. 2004; Short and Petren 2011a). However, simulations 
have shown that some range expansions can be complex, 
dynamic processes (Zenger et al. 2003) where local factors 
affect the genetic characteristics of  expanding populations 
(Excoffier et al. 2009). If, for example, sufficient numbers 
of  individuals disperse into new areas, propagule pressure 
may limit the loss of  genetic diversity. Further, if  newly colo-
nized areas receive individuals from several dispersal events, 
possibly from different locations, already established areas 
could act as sources of  genetic variation and genetic diver-
sity could increase with expansion (Brown and Stepien 2008; 
Parisod and Bonvin 2008; Darling and Folino-Rorem 2009; 
Bronnenhuber et al. 2011). This outcome would be similar 
to multiple introductions into a new area (i.e., Kolbe et al. 
2004, 2008), yet from populations that are less differentiated. 
For species with close association to humans, which includes 
many introduced species, the potential of  repeated intro-
ductions from previously established areas (and subsequent 
genetic admixture) might be increased (Nichols and Hewitt 
1994; Ibrahim et al. 1996), thus increasing the speed and/or 
scope of  some range expansions (Hastings et al. 2005).

One exceptional species in which to study range expansion 
is the house sparrow (Passer domesticus). The house sparrow has 
been introduced successfully throughout most of  the world 
and is now one of  the most broadly distributed vertebrate 
species (Anderson 2006). The house sparrow has expanded its 
range following most introductions (Robbins 1973; Anderson 
2006), indicating that it has repeatedly resolved the genetic 
paradox. Surprisingly though, individual house sparrows, 
generally, do not disperse far (Fleischer 1983; Altwegg et al. 
2000; Skjelseth et al. 2007); dispersal is most common among 
juveniles (Fleischer 1983; Fleischer et al. 1984; Altwegg et al. 
2000), and local dispersal may be affected more by breeding 
productivity and population size than nest or genetic effects 
(Fleischer et al. 1984). Furthermore, among introduced popu-
lations, house sparrows exhibit many of  the same phenotypic 
patterns of  native species (e.g., clutch size, body size, physi-
ological traits, response to changes in climate; Johnston and 
Selander 1964; Johnston and Selander 1973; Hamilton and 
Johnston 1978; Johnston and Fleischer 1981; Fleischer and 
Johnston 1982, 1984; Anderson 2006; Martin et al. 2004, 2005, 
2006), indicating an ability to adjust rapidly to novel environ-
ments. Importantly too, house sparrows are usually com-
mensal with humans (Summers-Smith 1988; Anderson 2006; 
Sætre et al. 2012), and human activity has been implicated as 
a factor in the current global distribution (Anderson 2006).

One of  the most recent introductions of  house spar-
rows was to Mombasa, Kenya in the 1950s. Besides being so 
recent, this particular introduction has multiple advantages 
for revealing what mechanisms resolve genetic paradoxes 
during range expansions. The available scientific litera-
ture (Anderson 2006) and local documentation (National 
Museums of  Kenya, unpublished data) indicate that house 
sparrows were first introduced into South Africa and 

subsequently introduced into Kenya through a single South 
African source (Anderson 2006), with no known invasions 
from neighboring countries (i.e., Somalia or Tanzania). Thus, 
house sparrows in Kenya have experienced 2 introduction 
events and, therefore, potentially multiple bottlenecks or 
founder effects. Although the exact year of  house sparrow 
arrival is unknown for many cities in Kenya, house sparrows 
likely arrived in Nairobi during the early 1990s and were not 
documented in cities north and west of  Nairobi until after 
2000 (National Museums of  Kenya, unpublished data). In 
Kenya, house sparrows are probably dispersing with aid 
from human commerce as they are often found near gas sta-
tions and grain storage facilities, and the densest populations 
tend to occur along the main highway that transects south-
ern Kenya. Currently, house sparrows are actively expand-
ing northwestward, being found in cities west of  Kenya (e.g., 
Kampala, Uganda), but only as recently as 2007.

In a previous global comparative study, we found that 
house sparrows from Nairobi, Kenya were genetically dif-
ferentiated from and have lower genetic diversity than intro-
duced populations in North America and native ones in 
Europe (Schrey et al. 2011). Nevertheless, populations within 
Kenya are considerably differentiated phenotypically, display-
ing variation in physiological and behavioral traits depending 
on population age (Liebl and Martin 2012, 2013; Martin et al. 
forthcoming; Coon and Martin forthcoming). Kenyan house 
sparrow populations also have high levels of  epigenetic 
variation (Schrey et al. 2012), and epigenetic variation may 
compensate for decreased genetic diversity and increased 
inbreeding in Kenya (Liebl et al. 2013).

Here, we characterized the genetic structure of  Kenyan 
house sparrows to learn how the range expansion pro-
gressed. We characterized the pattern of  genetic diversity 
across the range, predicting that several dispersal events from 
multiple locations in Kenya would maintain genetic diversity 
throughout the range by causing genetic admixture. If  sev-
eral long-distance dispersal events from multiple locations 
occurred, we expected high genetic diversity at the range 
extremes and that any genetic differentiation would not fol-
low isolation-by-distance. However, if  the range expansion 
occurred in a stepwise pattern from the initial introduction 
site, we predicted that genetic diversity would decrease and 
genetic differentiation would increase with distance from 
Mombasa (dfM).

Materials and Methods
Sample Collection

We collected house sparrows (n = 233) from 10 cities across 
Kenya between June and September 2010 (Figure 1 and 
Table 1): Mombasa (MO), Malindi/Watamu (MA; 16 km 
apart), Voi (VOI), Garsen (GA), Nairobi (NA), Nyeri (NY), 
Nakuru (NK), Nanyuki (NN), Isiolo (IS), and Kakamega 
(KA). We selected cities based on researcher safety and pres-
ence of  house sparrows following a brief  survey of  pres-
ence (Martin et al. forthcoming). Briefly, we spent 2–3 h 
slowly driving through urban, suburban, and industrial areas 

 by guest on D
ecem

ber 13, 2013
http://jhered.oxfordjournals.org/

D
ow

nloaded from
 

http://jhered.oxfordjournals.org/
http://jhered.oxfordjournals.org/


Journal of Heredity  

62

recording visual and/or acoustic evidence of  house spar-
rows; if  present in a city, we would expect to find them 
in these types of  areas (e.g., cereal and grain storage cent-
ers, dumping sites, petrol stations, Table 1). We ultimately 

collected samples only in cities where surveys indicated pres-
ence in high enough density to ensure capture; our surveys 
of  other cities revealed few to no house sparrows present 
(e.g., Kisumu, Eldoret, Kericho). We took steps to minimize 

Figure 1. Map of  Kenya with the location of  the 10 sampled cities (with abbreviations) and results of  Bayesian clustering with 
TESS. Proportional assignment of  individuals from each city to the genetic groups is indicated by color (k1 = black, k2 = black 
stripe, k3 = gray, k4 = white). The 3 hypothesized axes of  dispersal are indicated by arrows, dotted lines indicate range expansion with 
admixture, and solid lines indicate stepwise expansion without admixture. Figure was adapted from the USA CIA’s open database.
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the likelihood of  sampling families by not collecting from, 
or adjacent to, nesting areas, and by sampling from areas of  
highest house sparrow density. In each city, the majority of  
our samples were adults, with a smaller number of  imma-
ture birds or juveniles (similar proportions throughout the 
sampled area). Overall, our objective was to document the 
genetic characteristics of  house sparrows throughout their 
range in Kenya, not the genetic characteristics of  birds from 
every Kenyan city where house sparrows exist.

We collected house sparrows from the 1 location (Table 1) 
in each city over a period of  2–3 days with 2 exceptions; there 
were 2 locations for MA (within 16 km) and 3 locations for 
NA (within 12 km) (Table 1). Major roadways run between 
MO, VOI, NA, NK, and KA, and between NA, NY, NN, 
and IS. Secondary roadways run between MO, MA, and GA. 
A less-travelled roadway connects GA to NA through NY, 
NN, and IS (Figure 1). Because house sparrows were intro-
duced into MO, but nowhere else in Kenya (Anderson 2006), 
we used dfM as an approximation of  time since colonization 
(Table 1).

Genetic Data Collection

We bled individuals at capture and stored blood in RNAlater 
(Qiagen) at room temperature for up to 3 months before 
long-term storage at −20 °C. We extracted DNA using a 
phenol:chloroform protocol (Sambrook and Russell 2001). 
We screened genetic variation at 7 DNA microsatellite 
loci (Pdoμ1, Pdoμ3, Pdoμ5, Pdoμ6, Pdo8, Pdo9, Pdo10; 
Neumann and Wetton 1996; Griffith et al. 1999, 2007; 
Dawson et al. 2006). We selected these loci because they have 
sufficient power to detect population structure among intro-
duced and native populations of  house sparrow (Schrey et al. 
2011). Loci Pdoμ6 and Pdo10 are on the same chromosome 
(Griffith et al. 2007) but are not statistically linked (Schrey 
et al. 2011). We amplified microsatellites by multiplex PCR 
following the protocol described in Schrey et al. (2011), and 
we sent the PCR products to the Iowa State DNA Facility for 
electrophoresis. We used PEAKSCANNER v 1.0 (Applied 
Biosystems) to analyze resultant lane files. We then visualized 
allele size data on scatter plots and binned the raw size data 
to specific allele categories. We tested each locus in each city 
for conformation with Hardy–Weinberg equilibrium (HWE) 
using FSTAT version 2.9.3 (Goudet 1995). In fulfillment of  

data archiving guidelines (Baker 2013), we have deposited the 
microsatellite genotypes and associated metadata with Dryad.

Bayesian Clustering

We performed Bayesian model-based clustering of  individual 
multilocus genotypes with STRUCTURE v 2.2.3 (Pritchard 
et al. 2000; Falush et al. 2003) and TESS v 2.3.1 (François 
et al. 2006; Chen et al. 2007). We used STRUCTURE to 
estimate the number of  groups (k) and individual mem-
bership in groups using only genetic data; geographic ori-
gin of  samples was not incorporated into the model. We 
then used TESS to incorporate both genetic and geographic 
data (i.e., microsatellite genotypes with latitude and longi-
tude) to estimate k and identify individual membership in k. 
We used TESS because of  the potential to increase resolu-
tion in cases of  recent contact between weakly differenti-
ated populations (Chen et al. 2007), a situation that is likely 
to occur for Kenyan house sparrows. However, the TESS 
platform may overestimate the number of  k among indi-
viduals (Guillot 2009). Thus, we used both STRUCTURE 
and TESS to select k, and then we assigned individuals to 
a group with TESS. For STRUCTURE, we estimated the 
natural log probability of  observing the data (Ln Pr(x|k)) 
for k = 1–10, with 5 replicates for each k, using the admix-
ture model and allowing correlated allele frequencies, and 
calculated the delta k (Evanno et al. 2005). For TESS, we 
determined the preferred k from 5 iterations of  k = 2–10 
by comparing the deviance information criterion (DIC) and 
the log-likelihood. We used a fixed interaction parameter 
of  0.06 (François et al. 2006; Chen et al. 2007). For both, 
we used 30 000 burn-in steps and 1 000 000 post burn-in 
steps. We selected the best-fit k and performed 100 repli-
cate analyses for that k with TESS. We summarized the 100 
runs with CLUMPP (Jakobsson and Rosenberg 2007) and 
assigned individuals to k, defining membership by highest q 
value. Shannon’s diversity indices (H′; Shannon 1948) were 
calculated to quantify genetic admixture of  each city (i.e., the 
number of  individuals assigned to different ks).

Genetic Differentiation

We estimated genetic differentiation among cities and among 
genetic groups with 2 estimators of  FST. We calculated the 

Table 1 A review of  locations in Kenya where house sparrows were collected

Location Abbreviation Site description

Mombasa MO Cereal and grain storage facility
Malindi/Watamu MA Two petrol stations within 16 km
Voi VOI Cereal and grain storage facility
Garsen GA Small dumping sites
Nairobi NA Cereal and grain storage facility, a separate industrial area, and 

near a hotel all within 12 km
Nyeri NY Dumping site
Nakuru NK Cereal and grain storage facility
Nanyuki NN Cereal and grain storage facility
Isiolo IS Small dumping sites
Kakamega KA Petrol station
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D estimate over all cities and the harmonic mean D pairwise 
among cities with SMOGD v. 1.2.5 (Crawford 2010). We cal-
culated a 95% confidence interval (CI) for each locus by per-
forming 1000 bootstraps. We calculated the θST estimate over 
all cities and pairwise among cities with FSTAT. We permuted 
alleles among cities to estimate statistical significance. We 
performed sequential Bonferroni correction of  α = 0.05 for 
multiple tests (Rice 1989). We used a Mantel test to test for iso-
lation-by-distance by comparing θST/(1 − θST) with geographic 
distance (km) among cites with POPTOOLS (Hood 2010). 
We estimated statistical significance after 10 000 permutations.

Genetic Diversity

We also characterized genetic diversity among cities and 
among genetic groups. We estimated allelic richness (Ar) 
and private allelic richness (pAr) based on the smallest sam-
ple size (n = 12 among cities; n = 22 among genetic groups) 
with HP-RARE (Kalinowski 2005). We estimated observed 
heterozygosity (HO), expected heterozygosity (HE), mean 
pairwise relatedness (MPR), and the inbreeding coeffi-
cient (FIS) with GENALEX-6 v 4.1 (Peakall and Smouse 
2006). We compared genetic diversity estimates with H′, 
dfM, and house sparrow density (birds per square kilom-
eter, estimated by averaging 8–15, 50 m radius point counts 
throughout each city; Table 2; Martin et al. forthcoming) 
with Pearson correlation coefficients. We tested each 
city for bottlenecks with BOTTLENECK (Cornuet and 
Luikart 1996) using all available models (Infinite Alleles, 
Stepwise Mutation, and Two-phase) and all statistical tests 

of  heterozygote excess (Sign, Standardized Differences, 
and Wilcoxon).

Results
Bayesian Clustering

STRUCTURE detected an increase in Ln(Pr(x|k)) from 
k1 to k5; Ln(Pr(x|k)) then decreased with greater standard 
deviation up to k10 (Supplementary Figure 1). The delta k 
detected an initial increase from k1 to k2; then another spike 
at k4, and became negative from k5 to k10 (Supplementary 
Figure 1). TESS detected a decrease in DIC and an increase 
in likelihood up to k = 10 (Supplementary Figure 2). To avoid 
overestimating k, we selected k = 4 as the best fit to the 
data (Supplementary Figure 3). Individuals were assigned 
to multiple genetic groups in all but 2 cities (NY and NN), 
suggesting simple stepwise range expansion did not occur 
in most of  Kenya (Figure 1). The most common genetic 
group was k1 (45% of  individuals, occurring in 7 cities), fol-
lowed by k4 (39%, all cities), k2 (10%, 3 cities), and k3 (6%, 
4 cities). Genetic groups k1 and k2 predominantly occurred 
along the main Kenyan highway and away from the range 
edge, whereas k3 and k4 were more common at the edges 
of  the sampled range (Figure 1). The majority of  individu-
als (84%) were assigned to one k with q values greater than 
0.75, but 16% of  individuals were assigned with the highest 
q value less than 0.75. Individuals with weaker assignments 
(i.e., those assigned with q value less than 0.75) occurred in 
8 cities, with the highest proportion in range edge cities: KA 

Table 2 Summary of  house sparrows collected from Kenyan cities (by city), and the 4 most common genetic groups (by k): sample 
size (N), distance to Mombasa (dfM; km), and house sparrow density (Pdo density; birds per hectare)

N dfM Pdo density H′ Ar pAr HO HE FIS MPR HWE

By city
 MO 28 0 81.19 0.17 8.62 0.74 0.66 0.79 0.14 0.06* Pdoμ5, 

Pdoμ6
 MA 26 113 21.39 1.12 10.33 0.95 0.70 0.82 0.15 0.004 Pdoμ5, 

Pdoμ6
 VOI 26 160 17.54 0.70 9.3 0.70 0.64 0.78 0.17 0.06* Pdoμ5, 

Pdoμ6
 GA 14 230 na 0.90 9.5 1.13 0.65 0.82 0.20 −0.01 Pdoμ3, 

Pdoμ6
 NA 23 500 45.4 0.39 8.55 0.59 0.69 0.74 0.07 0.11* —
 NY 31 630 12.52 0 6.5 0.12 0.80 0.76 −0.06 0.13* —
 NK 25 650 15.21 0.97 8.99 0.98 0.72 0.78 0.08 0.06* Pdoμ6
 NN 19 675 na 0 7.03 0.24 0.79 0.76 −0.05 0.10* —
 IS 20 755 33.53 0.20 8.11 0.39 0.79 0.78 −0.01 0.05* —
 KA 21 885 12.46 0.93 9.3 0.75 0.77 0.82 0.06 0.01 —
 Total 233 0.54 8.62 0.66 0.72 0.79 0.08 0.06
By k
 k1 102 — — — 9.29 2.27 0.69 0.81 0.12 0.04* —
 k2 24 — — — 8.36 2.48 0.69 0.79 0.08 0.16* —
 k3 13 — — — 9.91 3.09 0.66 0.85 0.19 0.05* —
 k4 91 — — — 7.55 1.10 0.77 0.80 0.03 0.06* —
 Total 233 8.78 2.24 0.70 0.81 0.11 0.08*

Shannon’s index (H′) describes genetic admixture of  each city. Genetic diversity estimates from microsatellite loci are given: allelic richness (Ar), private allelic 
richness (pAr), observed heterozygosity (HO), expected heterozygosity (HE), inbreeding coefficient (FIS), and loci with significant deviations from HWE. City 
abbreviations are defined in the text. na, not applicable. An asterisk (*) denotes statistically higher MPR than expected by chance. 
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(48%) and MA (35%). Multiple genetic groups and genetic 
admixture were detected along the major roadways in Kenya 
(MA, GA, VOI, NA, NK, and KA); however, 3 cities in the 
center of  Kenya (NN, NY, and IS) had all but one individual 
assigned to k4 (Figure 1 and Table 2).

Genetic Differentiation within Kenya

Geographic distance did not explain the significant genetic 
differentiation among cities. Over all loci, D was 0.15 and θST 
was 0.04 (P < 0.001). For each locus, D ranged from 0.08 
to 0.61 and θST ranged from 0.02 to 0.07; no 95% CI of  D 
included 0, and all θST were statistically significant (P < 0.001). 
Pairwise harmonic mean D estimates ranged from 0.002 to 
0.22, and pairwise θST estimates ranged from 0.004 to 0.08 
(Table 3); all pairwise θST estimates were significantly different 
after Bonferroni correction except IS and NN. Yet, a Mantel 
test did not find isolation-by-distance (r = 0.02, P = 0.44).

Among genetic groups, over all loci, D was 0.31 and θST 
was 0.06 (P < 0.001). For each locus, D ranged from 0.08 
to 0.61 and θST ranged from 0.02 to 0.10; no 95% CI of  D 
included 0, and all θST were statistically significant (P < 0.001). 
Pairwise harmonic mean D estimates ranged from 0.09 to 
0.43, and pairwise θST estimates ranged from 0.03 to 0.10 
(Table 4); all pairwise θST estimates were significantly differ-
ent after Bonferroni correction.

Genetic Diversity among Kenyan Cities

Genetic diversity and outbreeding increased toward the range 
edge: HO was positively correlated with dfM (r = 0.834, 
P = 0.001; Figure 2) and FIS was negatively correlated with 
dfM (r = −0.760, P = 0.005; Figure 2). Also, H′ was positively 
correlated with HE (r = 0.708, P = 0.010), Ar (r = 0.893, 
P = 0.0003), pAr (r = 0.866, P = 0.0005), and negatively cor-
related with MPR (r = −0.764, P = 0.005).

Kenyan house sparrows had a deficiency of  heterozygotes 
from HWE expectations at 1 or 2 loci in 5 cities (Table 1). 
This may be the result of  a Wahlund effect (an excess of  
homozygote genotypes caused by multiple groups occurring 
in the same sample; Hedrick 2000) resulting from genetic 
admixture. To determine if  deviations from HWE affected 
the genetic diversity estimates, we repeated the diversity 

estimates without Pdoμ6 (significant HWE tests in 5 cities). 
The results were very similar and all significant relationships 
among diversity estimates and H′, dfM, and house sparrow 
density remained. We only present results with Pdoμ6. There 
were no consistent signatures of  bottlenecks.

Genetic Diversity among Genetic Groups

The 4 genetic k groups had consistent differences in genetic 
diversity (Table 2). Genetic group k3 had the most extreme 
genetic diversity estimates: highest Ar, pAr, HE, and FIS, and 
lowest HO. Group k4 had extreme estimates in the opposite 
direction as k3: highest HO and lowest Ar, pAr, and FIS. Genetic 
groups k1 and k2 had intermediate estimates of  genetic diversity.

Discussion
Manner of Range Expansion

Bayesian clustering indicated that the Kenyan house spar-
row range expansion was a complex, dynamic process, rather 
than a strictly sequential stepwise range expansion. Indeed, 
individual membership in the 4 genetic groups was consistent 
with 2 types of  range expansion. The main type involved mul-
tiple, probably anthropogenic movements of  birds between 
MO and cities northward along the coast (to MA and GA), 
and northwestward (VOI, NA, NK, and KA). A second 
type occurred via stepwise expansion (NA to NY, NN, and 
IS). The former occurred with extensive genetic admixture, 
whereas the latter occurred with little admixture, as revealed 
by comparisons of  Shannon’s diversity index (H′; Table 2). 
Comparatively, the 3 cities north of  Nairobi had the lowest 
genetic admixture (NN: H′ = 0, NY: H′ = 0, IS: H′ = 0.20). 
Overall, geographic distance did not explain genetic differen-
tiation among cities, further supporting the commonness of  
long-distance (anthropogenic) dispersal among Kenyan cities.

The site of  initial introduction (MO) had low admix-
ture, with all but one individual assigned to k1 and the other 
assigned to k4. Genetic data support k1 as the original popu-
lation; group k1 occurred in 7 cities, had the lowest mean 
pairwise relatedness, and was not extreme in any genetic 
diversity characteristic. Group k1 as the founding popula-
tion is additionally supported by it being the most common 

Table 3 Pairwise estimates of  genetic differentiation at microsatellite loci among Kenyan house sparrows

MO MA VOI GA NA NY NK NN IS KA

MO 0.16 0.20 0.22 0.06 0.19 0.21 0.09 0.14 0.11
MA 0.03* 0.06 0.12 0.20 0.20 0.09 0.13 0.14 0.11
VOI 0.04* 0.02* 0.09 0.08 0.18 0.09 0.16 0.18 0.17
GA 0.05* 0.03* 0.02* 0.14 0.14 0.11 0.09 0.16 0.08
NA 0.03* 0.04* 0.03* 0.05* 0.15 0.10 0.13 0.12 0.03
NY 0.07* 0.05* 0.08* 0.05* 0.07* 0.14 0.05 0.002 0.07
NK 0.06* 0.03* 0.02* 0.04* 0.03* 0.08* 0.16 0.09 0.12
NN 0.04* 0.04* 0.05* 0.03* 0.05* 0.03* 0.06* 0.002 0.11
IS 0.04* 0.03* 0.05* 0.04* 0.04* 0.01* 0.05* 0.004 0.09
KA 0.04* 0.03* 0.04* 0.02* 0.03* 0.05* 0.03* 0.04* 0.04*

The harmonic mean D estimates are above the diagonal, and the θST estimates are below the diagonal. An asterisk indicates statistical significance after 
Bonferroni correction. City abbreviations are defined in the text.
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genetic group in some of  the longest established areas (MO 
and NA). The cities MO and NA are the 2 largest metro-
politan areas in Kenya and receive a great deal of  trade, both 
intra and internationally; both cities also have house sparrow 
populations with high density (Table 1). This outcome fur-
ther confirms that Kenyan house sparrows are derived from 
a single source: if  multiple source populations were coloniz-
ing Kenya, MO and NA would likely have received some 
of  these individuals and show evidence of  multiple genetic 
groups.

Based on our data, humans likely move house sparrows 
continuously throughout Kenya causing genetic admixture 
and increasing genetic diversity (HE and Ar). Such anthro-
pogenic movements during range expansions could have 2 
basic outcomes: 1) dispersal into areas with no house spar-
rows, resulting in founder effects, short-term inbreeding, 
genetic drift, and a decrease in genetic diversity or 2) dis-
persal into areas with house sparrows, resulting in outbreed-
ing, genetic admixture, and an increase in genetic diversity. 
Individuals that comprise k2 are consistent with the first 
scenario: offspring of  individuals that dispersed into areas 
without existing house sparrows. Individuals that comprise 
k4 (high HO and the lowest FIS, and low Ar and low pAr) 
are consistent with the second scenario while also lacking 
allelic signatures of  isolation. Individuals that comprise k3 
(highest Ar and HE, high FIS, low HO, high pAr) are consist-
ent with more recent cases of  the second scenario including 
dispersal from multiple sources. Group k3 occurs most fre-
quently at the range edges (KA and GA), which is also the 
location with the highest proportion of  individuals assign-
ing to multiple ks. Interestingly, KA, the city furthest from 
the site of  introduction did not have significantly higher 
MPR than expected by chance, which was observed in MO, 

Table 4 Pairwise estimates of  genetic differentiation at 
microsatellite loci among genetic groups of  Kenyan house 
sparrows

k1 k2 k3 k4

k1 0.29 0.23 0.09
k2 0.07* 0.43 0.35
k3 0.07* 0.10* 0.25
k4 0.03* 0.10* 0.06*

The harmonic mean D estimates are above the diagonal, and the θST esti-
mates are below the diagonal. An asterisk indicates statistical significance 
after Bonferroni correction.

Figure 2. Distance from Mombasa (dfM, km; a proxy for population age) is significantly related to (A) observed heterozygosity 
(HO) and (B) inbreeding coefficient (FIS) among Kenyan house sparrow populations.
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VOI, NA, and NK. This outcome may reflect recent colo-
nizations of  this area from multiple sources from within 
Kenya. Further, the highest pairwise tests of  differentiation 
occurred between k2 and k3, and between k2 and k4. Thus, 
dispersal into areas without house sparrows may allow drift 
to differentiate colonizing populations, which then out-
breed with newly arriving individuals generating genetic 
diversity.

In central Kenya (NY, NN, IS) stepwise dispersal (i.e., 
movement from one city to the next) with little to no genetic 
admixture seems to have occurred. These cities had all but 
one individual assigned to the same genetic group (k4), 
they had lower HE, Ar, and pAr, and the last 2 steps (IS and 
NN) were not genetically differentiated. The stepwise range 
expansion in this part of  Kenya would have likely originated 
in NA, the city with the largest human population. Because 
house sparrows depend on human resources and northern 
Kenya is predominantly desert with sparse human settle-
ment, it is unlikely that the birds in IS and NN came from 
other African introductions. However, our genetic data can-
not rule out alternate sources.

Range expansion of  the house sparrow in Kenya con-
trasts with that of  the introduced African gecko (Hemidactylus 
mabouia) in Florida, United States (Short and Petren 2011a, 
2011b), highlighting the major themes important during 
range expansion: multiple introductions and propagule pres-
sure. African gecko genetic diversity decreased and popula-
tion structure increased with distance from the introduction 
site (Short and Petren 2011a). By contrast, Kenyan house 
sparrows increased their genetic diversity, but genetic struc-
ture did not change with range expansion. Short and Petren 
(2011a, 2011b) conclude that limited dispersal among suit-
able habitat patches caused founder effects during range 
expansion of  the African gecko and that human-mediated 
dispersal likely occurs during colonization but not during 
subsequent range expansions. Our contrasting results sug-
gest that several dispersal events from multiple locations 
during expansion, likely mediated by humans, were especially 
important in creating the higher levels of  genetic admixture 
and propagule pressure seen in the Kenyan house sparrow 
expansion.

Route of Range Expansion

The route of  range expansion throughout Kenya can be esti-
mated from the genetic data, given MO as the point of  origin 
(Anderson 2006). One axis of  dispersal is suggested along 
the coast of  Kenya from MO to MA then GA. Another axis 
followed the main highway connecting MO, VOI, NA, NK, 
and KA. The third axis of  spread started in NA and pro-
gressed to NY, NN, and IS. It is possible that GA had a con-
tribution from a different source, or that it developed more 
extreme allele frequency differences after colonization due to 
geographic isolation. GA had a higher individual member-
ship in k3 than any of  the other cities along the east coast, 
as well as the most extreme estimates of  genetic diversity 
(Table 1). These characteristics could then have been spread 
to other cities.

Human-Mediated Dispersal

Human-mediated dispersal from one city to another by way of  
trucks or rail is one plausible mechanism through which we may 
observe the genetic patterns documented here. Commerce-
based traffic would constantly move individuals, sometimes 
over long distances, and reshuffle allele frequencies through-
out the country, creating genetic admixture and differentiation 
(Ibrahim et al. 1996). Indeed, house sparrows routinely for-
age on or in trucks carrying grains and other human staples 
(Anderson 2006). Also, the constant dispersal of  new individu-
als into cities throughout the range could bias the populations 
away from the site of  initial introduction toward outbreeding. 
Much of  the area between cities in Kenya is inhospitable for 
house sparrows; within cities, house sparrows are most often 
seen in areas where trucks stop (i.e., fueling stations, food stor-
age centers) and often are found inside large trailers that had 
at one time been full of  grain (A. Liebl, personal observation). 
Further, there was evidence of  genetic admixture from sev-
eral dispersal events from multiple locations along the major 
roadway in Kenya, whereas in an area of  lower human density 
and less-traveled roadways (around Mt. Kenya), there was little 
admixture. The reduced human traffic may have restricted the 
movement of  house sparrows to and from these cities.

The dispersal rates of  Kenyan house sparrows support 
human-mediated long-distance dispersal. Similarly, the esti-
mated spread of  house sparrows from points of  introduc-
tion in North America (Robbins 1973) occurred as local 
spread from points of  introduction and human-mediated 
long-distance dispersal (intentional in some cases and likely 
facilitated by freight trains in general). The rate of  local 
spread was estimated at approximately 9 km per year (from 
estimates of  spread at total distances of  40 km in 5 years, up 
to 80 km in 10 years, and 100 or more in 15 years; Robbins 
1973). This estimate corresponds with an independent esti-
mated median natural dispersal distance of  9.56 ± 5.4 km 
(Skjelseth et al. 2007). Interestingly, house sparrows showed 
much longer distance dispersal in North American than the 
natural dispersal estimate, suggesting facilitation by human 
activity. The initial introduction of  house sparrows was 
made in New York City, NY around 1851, and house spar-
rows had spread as far as Salt Lake City, UT by 1874 (3200 
km in 23 years); but several new introductions also occurred 
throughout the United States (Robbins 1973). Other esti-
mates of  house sparrow dispersal after the North American 
introduction suggest local spread of  house sparrows is 16–24 
km per year and between 48 and 120 km per year with the aid 
of  human activity (Johnston and Klitz 1977; van den Bosch 
et al. 1992). If  Kenyan house sparrows were limited to natu-
ral dispersal after their introduction to Mombasa in 1950 (i.e., 
no human-mediated dispersal), their estimated range would 
cover 540 km by 2010 (using a dispersal estimate of  9 km per 
year [Robbins 1973; Skjelseth et al. 2007] for 60 years). This 
distance is similar to the distance between Mombasa and 
Nairobi (573.6 km; Table 1). However, house sparrows cur-
rently occur more than 1000 km from Mombasa (in Moyale 
and Marasbit) and as far west as Kigali, Rwanda (1590 km), 
all of  which are expected to be part of  the Mombasa range 
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expansion. The observed spread is less than the highest esti-
mated dispersal rates of  human facilitated dispersal of  house 
sparrows but much higher than distances estimated by local 
spread (i.e., natural dispersal). In this light, the rapid expan-
sion of  house sparrows in Kenya was probably facilitated by 
human activities over very long distances.

Dispersal from multiple locations causing genetic admix-
ture may have played an important role in the house spar-
row introduction and range expansion in North American, 
which originated at higher latitudes and proceeded south 
and west (Robbins 1973). North American house sparrow 
populations had greater genetic diversity with decreasing 
latitude suggesting the pattern in genetic diversity could be 
explained by several dispersal events from multiple locations 
causing genetic admixture, which increased genetic diversity 
(Schrey et al. 2011). Thus, the genetic data from Kenyan and 
North American house sparrows indicate it is possible that 
several dispersal events, possibly from multiple locations, 
can cause genetic admixture and ultimately maintain genetic 
diversity during range expansion of  an introduced species. 
These findings, combined with the recent detection of  high 
levels of  epigenetic variation that may compensate for some 
negative genetic consequences of  introduction (Schrey et al. 
2012; Liebl et al. 2013), suggest that the house sparrow is well 
suited to overcome the genetic paradox during introduction 
and range expansion.

Supplementary Material
Supplementary material can be found at http://www.jhered.
oxfordjournals.org/.
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