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Abstract: Dispersal of an individual can be impacted by natural or anthropogenic
barriers. Snakes, like most organisms, are vulnerable to changes in their habitat and
ecosystem, with some being especially vulnerable such as blue racers, (Coluber
constrictor foxii). The objective of this research is to determine if anthropogenic
disturbances affect the population structure, dispersal, and amount of inbreeding in
populations of blue racers. A total of 41 samples were taken across three sites and
analyzed at seven microsatellite loci. Our results suggest that only one population of blue
racers exists across our samples sites, but that intersite isolation, likely due to roads
and/or isolation-by-distance, is present. Counties between the ones sampled all have
major road ways or a major metropolitan area. The FST estimates among all our sites,
while low, and thus indicating dispersal is occurring, were significantly greater than zero.
Low levels of inbreeding, high heterozygosity, and large number of alleles per locus
indicate that the population size is fairly large. Isolation is just becoming evident within
the racers genetics. Over time, due to continual anthropogenic development and
increased habitat fragmentation, isolation will increase likely creating three distinct
populations.
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Introduction
Dispersal is the movement of an individual away from their birth site to a site of
reproduction (natal dispersal), or movement between successive breeding sites (breeding site
dispersal; Clobert et al. 2012). Dispersal plays a major role in shaping a species’ range and
the distribution of genetic variation amongst populations (Slatkins 1985; Row et al. 2010).
Individuals disperse for many reasons; to avoid competition (Yao et al. 2011) and inbreeding
(Bonte 2012), to find resources (Donahue et al. 2003), to avoid predation (McIntosh et al.
2002), in response to high population density (Greenwood et al. 1979) and to reproduce
(Fahrig 2007). Thus, dispersal impacts individual fitness and population persistence (Fahrig
2007). However, there are risks involved in dispersing. An added expenditure of energy and
time are required to disperse, resulting in an increased likelihood of mortality (Bonte 2012).
Natural features (e.g., mountains and rivers) and anthropogenic barriers (e.g., roads, dams,
urban areas) disrupt the movement of individuals and can increase the amount of time and
energy required to disperse. This in turn can affect the amount of gene flow between
populations (McDonald and St. Claire 2004; Burbrink et al. 2008).
Because barriers reduce interpopulation dispersal, they induce population structure, which is
characterized by dissimilarity in allele frequencies among populations (Blair 1943). A common
way to measure population structure is the use of F-statistics, which is a hierarchical partitioning
of genetic variation among individuals, subpopulations and the total population as measured by
FIS and FST (Wright 1965). The coefficient F, in this set of statistics, represents the fixation
index. It measures the increase in homozygosity, or fixation of alleles, that can result from
inbreeding (Wright 1965).
FIS estimates the amount of unique genetic variation in an individual compared to the
subpopulation and indicates the degree of inbreeding (Wright 1965). Inbreeding can result from
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either non-random mating or by genetic drift in small populations, where, despite random
mating, individuals share a high percentage of alleles. Drift-based inbreeding is controlled by
the effective population size, which is based on the number of offspring surviving to reproduce,
population density, and interpopulation dispersal (Wright 1965).
FST estimates the amount of unique genetic variation in a subpopulation compared to the total
population and reflects interpopulation dispersal (Wright 1965). As interpopulation dispersal
increases, allele frequencies become more similar between populations. Thus, FST values are
inversely related to the rate of dispersal, and high levels of dispersal are represented by low
levels of population structure and high levels of genetic similarity. (Wright 1965).
Snakes are vulnerable to habitat destruction, climate change, and other long term trends
affecting ecosystems, making them useful indicator species for processes affecting their
habitats (Weatherhead and Madsen 2009). This can include the natural and anthropogenic
barriers that can disrupt dispersal and alter population structure. The snake we focused on for
this research is the blue racer (Coluber constrictor foxii), a subspecies of the North American
racer.
The North American racer has 11 recognized subspecies and ranges throughout the United
States, Canada, and Central America (Rosen 1991). The coloration of racers varies depending
on the location, but they are uniformly dark (black/gray) on the dorsal side while varying on
the ventral side (blue, black, tan, or yellow; Burbrink et al. 2008). For a reptile, racers have a
high metabolic rate which allows them to move up to 6.5 kilometers per hour. They use speed
to actively forage and escape from predators (Lillywhite 1987; Harding 1997). Racers are
large snakes with an average adult snout-vent-length (SVL) of 130 cm, and whose body size
increases with latitude (Rosen 1991). With a large size and high metabolic rate, these snakes
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have large home ranges, up to 21.1 ha (Porchuk 1996). Racers in the northern region emerge
from communal hibernaculum during April and May. Following mating, females lay a clutch
of 15 eggs on average (Rosen 1991). Once hatched in mid-August, the juveniles grow
quickly, doubling in length, before hibernating during the winter months (Harding 1997).
Racers generally live up to 10 years in the wild, and actively avoid areas that have been
anthropogenically disturbed, although the majority of studies have focused on the snake’s
behavior towards roads (Harding 1997; Burbrink et al. 2008). Encountering roads, racers
demonstrate avoidance behavior; approaching cars cause them to freeze in place, prolonging
crossing time and increasing the likelihood of their mortality (Lillywhite 1987; Andrews and
Gibbons 2005).
The objective of my research was to determine if anthropogenic activity affects the
population structure and dispersal of snakes. Specifically, the null hypothesis was that there
will be no significant population structure for blue racer snakes. If significant population
structure is found then we possibly may conclude that anthropogenic disturbances impact the
dispersal movements of blue racers. Following the determination of population structure, we
tested for the level of inbreeding within each of the three chosen sites in southern Michigan.
Our null hypothesis was that there is no significant inbreeding present in blue racers
populations. If significant inbreeding levels (FIS) are found then we can conclude that
isolation is having a negative impact on the effective population size.
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Methods
Sampling occurred from May to July of 2013 in the southwest Lower Peninsula of
Michigan in Montcalm County at the Flat River State Game Area, in Barry County at Pierce
Cedar Creek Institute, and in Cass County at the Ed Lowe Foundation (Figure 1). These sites

Figure 1 Relative location of sampling Flat River State Game Area (A), Pierce Cedar Creek
Institute (B), and the Ed Lowe Foundation (C). The three sites are separated by extensive
agricultural land and the city of Grand Rapids, and Kalamazoo. Image courtesy of Google Maps.

were chosen because of the large metropolitan and major freeways between each site. With
anthropogenic disturbance between sites, we were able to test if the disturbance caused a
disruption of dispersal and therefore isolation in the blue racer populations. Visual encounter
surveys were used to find snakes. Once caught by hand, blood was drawn from the caudal
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vein with an insulin syringe. The amount of blood drawn was determined based on the
average weight of an adult snake; the total blood volume of a snake makes up 5% to 8% of
their total body weight; a healthy snake may lose 10% of their blood at one time (Lillywhite
and Smits 1984). I drew 0.7 ml of blood from each racer. To ensure that snakes were not
recaptured, a hand held medical cautery unit (Aaron Medical, St. Petersburg, Florida) was
used to heat brand on a ventral scale, anterior to the anal plate.
DNA was extracted from each sample using Qiagen DNeasy Blood and Tissue kits
(Qiagen, Valencia, CA) and genotyped at seven microsatellite loci (CCPKY02, CCPKZ06,
CCPKV09, CCPKU15, CCPKS19, CCPKT27, CCPKR31; Klug et al. 2011). We conducted
10-µl PCR reactions with 1.5-µl of water, 5-µl of Mean Green Master Mix (Syzygy Biotech,
Inc., Grand Rapids, Michigan), 0.5-µl of forward and reverse primer, and 2.5-µl of DNA.
Initial denature was at 94°C for two minutes, followed by denaturing at 92°C for thirty
seconds. The annealing temperatures varied; loci CCPKY02 and CCPKZ06 annealed at
53°C, CCPKV09 and CCPKS19 annealed at 56°C, locus CCPKR31 annealed at 57°C,
CCPKT27 annealed at 57.2°C, and CCPKU15 annealed at 57.5°C. Extension was done at
72°C for one minute. Denature, anneal and extension cycle was repeated 30 times, with a
final extension done at 72°C for five minutes. The PCR products were then analyzed using an
automated DNA sequencer (ABI Prism 3130 Genetic Analyzer, Applied Biosystems, Inc.,
Foster City, CA). Peaks were scored using GeneMapper 4.0 software (Applied Biosystems,
Inc., Foster City, CA). GenePop version 4.2 was used to test linkage equilibrium (Raymond
and Rousset 1995). Genalex 6.5 was used to test Hardy-Weinberg equilibrium, and to
estimate locus specific FIS and FST values (Peakall and Smouse 2012). The alpha value used
to test Hardy-Weinberg equilibrium was Bonferroni corrected to α=0.002 and linkage
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equilibrium was Bonferroni corrected to α=0.0008. The software Structure 2.3.4 was used to
determine the number of genetic clusters (putative populations) present among the sample
sites (K = 4) (Pritchard et al. 2009). Structure was run with the admixture model with the
assumption of correlated allele frequencies at a burn length of 10,000. The number of
Markov chain Monte Carlo reps after burning was 10,000. A Mann Whitney U-test was used
across loci, to evaluate significant differences in the levels of heterozygosity, allelic richness,
and inbreeding for each sample site.
Results
Ten racers were collected from Flat River State Game Area, 9 racers from Pierce Cedar
Creek Institute and 22 racers from the Ed Lowe Foundation. All loci, in all populations, were
in Hardy-Weinberg equilibrium (all p > 0.007) except locus V09 from the Ed Lowe
Foundation site. We retained this locus in all analyses because there was no consistency in
the deviations from Hardy-Weinberg equilibrium across populations or loci. At the Ed Lowe
Foundation site, significant linkage was found between loci U15 and S19 (p <0.0008). This
linkage was likely a statistical artifact because it was not present at any other site. Linkage
present in only one area would require a chromosomal rearrangement at the site relative to the
other locations, which is highly unlikely; both loci were included in all analyses. Using
Structure Harvester, the most likely number of genetic clusters was K = 2 (Figure 2) (Earl and
VonHoldt 2012). Because each individual had roughly 50 percent of its genetic information
originating in each of the two genetic clusters, the Q-plots produced in Structure suggested
that only one population was present among the sample sites (Figure 2). Only one popluation
should occur if all individuals are of an equal mix of both genetic clusters and therefore
making both genetic clusters a part of the same population.
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Figure 2 (A) Plot produced with Structure Harvester showing the most likely number of
genetic clusters present in blue racers among three sample sites in Michigan. (B) Q-plot
produced with Structure exhibiting each blue racer individual (41) each with 50% of the
genetic information present from two genetic clusters.

The FST estimates between each pair-wise comparison were all significantly greater than
zero. The Flat River State Game Area and the Ed Lowe Foundation had a value of FST =
0.049 (permutation test p = 0.001), the Flat River State Game Area and Pierce Cedar Creek
Institute exhibited a value of FST = 0.072 (permutation test p = 0.004) and Pierce Cedar Creek
Institute and the Ed Lowe Foundation exhibited a value of FST = 0.044 (permutation test p =
0.005). With significant FST estimate values we can conclude there is some evidence of
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isolation. It has been determined that habitat preference is not responsible for the isolation
observed (Figure 3).

Figure 3 Land cover map of the relative region in which samples were taken in Michigan Image courtesy of
http://www.mrlc.gov/nlcd06_data.php .

No significant FIS values were found (H2 = 0.58; p = 0.92; Table 1). No significant
differences (H2 = 0.42; p = 0.81) were found in heterozygosity levels among the sample sites
(Table 1). Similarly, allelic richness (range = 5 to 7) was not significantly different among
sites (H2 = 2.01; p = 0.36; Table 1).
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Table 1 Average observed heterozygosity (Ho), average allelic richness (A), and FIS
(inbreeding) values of blue racers from each sample site in Michigan.
Sites

Ho

A

FIS

Flat River State Game Area

0.671

6.14

0.017

Pierce Cedar Creek Institute

0.631

5.71

0.073

Ed Lowe Foundation

0.636

7.43

0.100

Discussion
One population of racers was found across the sample sites, but there is evidence of
isolation. The significant FST estimate occurring between each sample site shows that
isolation is occurring, though just barely. It is not likely that habitat preference is causing the
isolation, for the region in which we sampled in had similar land (Figure 3). Anthropogenic
development and associated habitat fragmentation due to road is likely the cause of isolation
(Weatherhead and Madsen 2009). Ionia and Kent Counties lie between our Montcalm County
and Barry County sample sites. Kent County has a major metropolitan center, the City of
Grand Rapids, (population size, 190,411). Four major roads cross west-east between the
sample sites with average daily traffic volumes of approximately 33,000 cars per day on I-96,
9,000 cars per day on M-21, 6,000 cars per day on M-44, and 3,000 cars per day on M-50
(Estimates made from Michigan Department of Transportation data
[www.michigan.gov/mdot/0,1607,7-151-9622_11033_11149---,00.html]). Similarly, our
sites in Barry County and Cass County are separated by three major west-east roads and two
north-south roads with significant daily traffic and a major metropolitan center, the City of
Kalamazoo (population size 75,092). Daily traffic is approximately 50,000 cars per day on I94 and 5,000 cars per day on M-89 and M-43. For north-south roads there are approximately
28,000 cars per day on US-131, and 6,000 cars per day on M-40. Given the blue racers
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behavior at, and avoidance of, roads (Lillywhite 1987; Harding 1997; Andrews and Gibbons
2005; Burbrink et al. 2008) these traffic volumes are likely responsible for the significant FST
estimates occurring between our samples sites. However, significant isolation-by-distance
has occurred at broad regional scales (>100 km; Klug et al. 2011). Each of the sample sites
are more than 100 km apart, so isolation-by-distance could also be responsible for the
isolation observed. If road construction and other anthropogenic disturbances are causing
isolation, then we are just beginning to see the effect the disturbances are having on the racer
population via their genetics. Evolution is a slow process, and given the time frame in which
significant road constriction has occurred, isolation is still an ongoing process in the
population.
The racer population in Michigan is likely to be large given the low levels of inbreeding,
high heterozygosity and large number of alleles per locus (Klug et al. 2011). Additionally,
the population sizes are likely to be similar among our samples sites given the similarity in
their heterozygosity and allelic diversity estimates. The one significant FIS value observed at
the Flat River State Game Area is likely due to the isolation we have observed

Conclusion
If the isolation in the blue racer population is caused by road construction and other
anthropogenic disturbances, we can expect to see a greater amount of isolation in the future.
As anthropogenic disturbances increase, habitat fragmentation will also increase, and disrupt
dispersal more severely. In the future, we may see three distance populations of blues racer as
a result of this increase of isolation.
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