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ABSTRACT
Vagility is the inherent power of movement by individuals. Vagility and
the available duration of movement determine the dispersal distance
individuals can move to interbreed, which affects the fine-scale
genetic structure of vertebrate populations. Vagility and variation in
population genetic structure are normally explained by geographic
variation and not by the inherent power of movement by individuals.
We present a new, quantitative definition for physiological vagility that
incorporates aerobic capacity, body size, body temperature and the
metabolic cost of transport, variables that are independent of the
physical environment. Physiological vagility is the speed at which an
animal can move sustainably based on these parameters. This meta-
analysis tests whether this definition of physiological vagility
correlates with empirical data for maximal dispersal distances and
measured microsatellite genetic differentiation with distance
{[FST/[1−FST)]/ln distance} for amphibians, reptiles, birds and
mammals utilizing three locomotor modes (running, flying,
swimming). Maximal dispersal distance and physiological vagility
increased with body mass for amphibians, reptiles and mammals
utilizing terrestrial movement. The relative slopes of these
relationships indicate that larger individuals require longer movement
durations to achieve maximal dispersal distances. Both physiological
vagility and maximal dispersal distance were independent of body
mass for flying vertebrates. Genetic differentiation with distance was
greatest for terrestrial locomotion, with amphibians showing the
greatest mean and variance in differentiation. Flying birds, flying
mammals and swimming marine mammals showed the least
differentiation. Mean physiological vagility of different groups (class
and locomotor mode) accounted for 98% of the mean variation in
genetic differentiation with distance in each group. Genetic
differentiation with distance was not related to body mass. The
physiological capacity for movement (physiological vagility)
quantitatively predicts genetic isolation by distance in the vertebrates
examined.

KEY WORDS: Vagility, Dispersal and body mass, Genetic isolation
by distance, Meta-analysis, Microsatellites

INTRODUCTION
Evolution can be defined as a change in allele frequencies within a
population over time. The mechanisms responsible for changes in
genetic variation over time are important for understanding
biological variation and evolution. Mutations that convey a selective
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advantage to an organism, whether physiological or morphological,
are predicted to be perpetuated by natural selection. What is less
clear is how to mechanistically explain genetic variation of
selectively neutral mutations such as microsatellites. Genetic
variation of neutral microsatellite loci is the most common technique
used to evaluate population genetic structure (Jehle and Arntzen,
2002). One explanation to account for variation of microsatellite loci
and increased meta-population structure is low gene flow. Reduced
gene flow creates genetic isolation by distance (Wright, 1943) and
is central to conservation and management of extant terrestrial
vertebrate populations, especially with anthropogenic population
displacement, climate change and habitat fragmentation
(Kodandaramaiah, 2009).

Low gene flow and genetic isolation by distance are generally
explained by the dispersal capacity of organisms; that is, greater
genetic heterogeneity of microsatellites among populations is
explained by reduced dispersal capacity. Previous studies that have
examined links between genetic heterogeneity and dispersal of
vertebrates generally assume that geographic factors limit dispersal
and, therefore, gene flow. Although geographical barriers affect
dispersal, a geographical explanation for dispersal also assumes that
physiological capacity related to movement is a fixed trait within a
population. However, it is clear that this is often not the case; there
is considerable intraspecific variation in features that affect
movement and dispersal capacity such as body mass, and
physiological parameters such as metabolic capacity and the cost of
transport. These variables have been largely ignored with respect to
their contribution to gene flow within a population. Perhaps more
importantly, when examining or comparing different patterns of
genetic structure among various species, these same factors of body
mass, metabolic capacity and the cost of transport should be
accounted for, before assuming that geographical features primarily
limit gene flow.

The central hypothesis of this analysis is that physiological
vagility and its effect on the ability to disperse should strongly
influence the capacity for genetic exchange and consequently the
magnitude of genetic isolation by distance. Dispersal (net movement
from a point of origin) strongly influences genetic isolation by
distance and the demography of organisms, since it determines
colonization and persistence in fragmented habitats (Lowe, 2009;
Sandel et al., 2011). We introduce the concept of physiological
vagility (m min−1), a velocity reflecting the capacity for sustained
movement, which can be quantified as the maximal sustainable
metabolic rate (ml O2 kg−1 min−1) divided by the metabolic cost of
transport (ml O2 kg−1 m−1). Maximal dispersal distance for
individuals within a species can be empirically determined by
measurements in the field. We also propose that the necessary
minimum duration for dispersal (min) can be predicted as the
quotient of maximal dispersal (m) and physiological vagility
(m min−1) (Hillman et al., 2014). Vagility has been ecologically and
qualitatively defined as ‘the inherent power of movement possessed
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by individuals’ (Allaby, 1994). In studies analysing genetic variation
between populations, vagility has most often been defined by
inference; that is, if genetic meta-population structure exists over
short distances, then species are presumed to have low vagility (for
a review, see Alex Smith and Green, 2005). In our view this is a
circular argument, which is not based on any quantitative, predictive
parameters for vagility.

In a previous study, we developed this quantitative metric for
physiological vagility in amphibians (Hillman et al., 2014) and found
that it increased with body mass and maximal dispersal distances, but
was inversely related to neutral genetic heterogeneity (microsatellites).
If the mechanistic physiological definition is useful in explaining
interspecific genetic isolation by distance for amphibians, we
postulated that it might also explain interclass variation for vertebrates
in general, and for intraclass variation where the mode of locomotion
differs (e.g. walking versus flying). Defining vagility from a
mechanistic and physiological perspective allows quantitative tests of
whether physiological capacity can explain interclass population
structure of neutral microsatellite markers. Providing a quantitative
definition also solves the circular problem of using a dependent
variable (i.e. genetic exchange of neutral genetic markers) to define
the independent variable (vagility).

Dispersal capacity is also affected by the duration of time
available for movement. Vertebrate activity is environmentally
influenced by photoperiod, temperature and water availability
among other variables that may limit or enhance the duration that
animals are able to move effectively. Interclass differences in
physiological tolerance to conditions encountered during locomotion
could result in differential durations of time available for movement
and thus affect dispersal capacity. For example, endotherms are
typically able to utilize longer daily and annual activity times than
ectotherms.

Although physiology lies at the core of movement, the population
genetics literature consistently fails to consider physiological
phenotypes for terrestrial vertebrates. We hypothesize that species
with greater dispersal capacity (i.e. greater physiological vagility
and/or durations of movement) should show less neutral genetic
variation with distance. The objectives of this meta-analysis were
to: (1) test whether physiological vagility correlates with reported
maximal dispersal capacities; and (2) test the quantitative
relationship between genetic heterogeneity with distance and both
dispersal capacity and physiological vagility in vertebrates. We
included data derived from literature for amphibians, reptiles,
mammals (terrestrial, flying and swimming) and birds. We did not
include fishes in our analysis because dispersal can occur via passive
water currents and via management in conjunction with the
possibility of absolute movement restrictions imposed by damming.

RESULTS
The data for mass specific maximal rates of oxygen consumption
(V·O2,max) used to calculate mass specific sustainable rates of oxygen
consumption (V·O2,sus) for the various groups are summarized in
Fig. 1. Physiological vagility (Fig. 2), calculated as V·O2,sus divided by
the minimum metabolic cost of transport (Cmin), increased
significantly (P<0.001) with increasing body mass for amphibians
(r2=0.197) and terrestrial mammals (r2=0.647). Physiological
vagility increased on average with body mass for reptiles but was
not significant (P=0.205). Physiological vagility was independent of
body mass for flying birds and flying mammals. The residual
variation is principally determined by variation in V·O2,max between
the species in each group as Cmin was calculated based upon
allometric predictive equations. Because physiological vagility in

marine mammals was based on two allometrically predicted values
(V·O2,max and Cmin), it increased with body mass in a perfectly linear
fashion.

Physiological vagility for bird flight is unique compared with
terrestrial locomotion in that physiological vagility scaled
independently of body mass and was much higher than in terrestrial
locomotion, especially among smaller animals (Fig. 2). The data for
flying mammals were limited, but appear indistinguishable from the
flying bird data. Marine mammals had physiological vagilities
essentially equivalent to flying animals, especially at larger body
masses (Fig. 2).

The empirically determined maximal dispersal distance (Dmax)
observed for individuals within a species was analysed with respect
to body mass and compared with the relationship between
physiological vagility and body mass for terrestrial mammals, flying
birds, reptiles and amphibians (Fig. 3). We did not include flying
mammals and marine mammals in this analysis due to insufficient
data. Dmax for amphibians increased significantly with body mass
(r2=0.271, P<0.0001; Fig. 3), and the allometric scaling exponent of
physiological vagility (0.284) was significantly lower (P=0.0003)
than for Dmax (1.05). Dmax for reptiles also increased significantly
with body mass (r2=0.804, P<0.0001; Fig. 3), and the allometric
scaling exponent of physiological vagility (0.081) was significantly
lower (P<0.0001) than Dmax (0.569). Dmax for flying birds was not
significantly related to body mass (r2=0.044, P=0.072; Fig. 3),
similar to the independent relationship between physiological
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Fig. 1. Log-transformed relationship between maximal aerobic
metabolic rates and typical body mass for the vertebrate species
utilized for this analysis grouped by class and mode of locomotion.
Data from marine mammals are extrapolated from terrestrial mammalian
data.
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Fig. 2. Log-transformed relationship between physiological vagility and
body mass for mammals (terrestrial, marine and flying), flying birds,
reptiles and amphibians calculated from the metabolic data presented
in Fig. 1 and Cmin calculated for each species. Data for VO2,max utilized to
calculate physiological vagility in marine mammals are extrapolated from
terrestrial mammalian data.
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vagility and body mass, and the allometric scaling exponents of
physiological vagility and Dmax were not significantly different
(P=0.453). Dmax for terrestrial mammals increased significantly with
body mass (r2=0.619, P<0.0001; Fig. 3), and the allometric scaling
exponent for physiological vagility (0.210) was significantly lower
(P<0.0001) than Dmax (0.682). The means of each group for log-
transformed variables (ln physiological vagility and ln Dmax) were
positively and significantly related (r2=0.98, P=0.009).

Genetic heterogeneity was based on neutral microsatellites and
was standardized for distance {[FST/(1−FST)]/ln distance} for all
comparisons. Genetic heterogeneity was not significantly related to
body mass (Fig. 4) for amphibians (P=0.614), reptiles (P=0.784),
terrestrial mammals (P=0.098), marine mammals (P=0.336), flying
mammals (P=0.298) or flying birds (P=0.983).

Genetic heterogeneity within the terrestrial locomotor groups was
greater (P=0.038) and more variable (P=0.0003) for amphibians
compared with reptiles and mammals (Fig. 5). Genetic heterogeneity
for terrestrial locomotion in mammals was significantly greater
(P=0.0047) and more variable (P=0.0081) than flying mammals or
marine mammals (Fig. 5). However, there was no significant
difference in the mean genetic heterogeneity between flying birds
and flying mammals (P=0.4072; Fig. 5), but birds showed a
significantly greater variance than bats (P=0.0001).

The mean of each group for genetic heterogeneity was inversely
related (r2=0.980, P=0.0002) to mean group ln physiological vagility
when all classes and modes of locomotion were included (Fig. 6).
The mean of each group for genetic heterogeneity was also inversely
related (r2=0.92, P=0.039) to mean group ln Dmax.

DISCUSSION
Our definition of physiological vagility incorporates a suite of both
anatomical and physiological variables involved in locomotion
including body mass, aerobic capacity, body temperature and the
metabolic cost of transport. Interclass differences in these traits
predict a hierarchy of values such that physiological vagility should
be greatest in flying birds and flying mammals>terrestrial

mammals>reptiles>amphibians. Because Cmin decreases with body
size, larger animals within each class will generally have a greater
vagility. These hypotheses are generally supported by our analysis
(Fig. 2). Typically, flying birds have greater physiological vagility
than running mammals due to their higher V·O2,max and the lower cost
of transport, while flying mammals are essentially equivalent to
birds. Marine mammals that swim also have high physiological
vagilities because of low metabolic cost of transport and large size.
The physiological vagility advantage for terrestrial mammals,
relative to terrestrial ectotherms, results from greater V·O2,max.
Differences between reptiles and amphibians were less distinct and
enhanced physiological vagility in reptiles predicted due to higher
operating temperatures enabling greater aerobic ability is not clearly
apparent. While the increase in vagility with size was generally
observed in terrestrial vertebrates, flying mammals and flying birds
did not show an increase in vagility with size as V·O2,sus decreased
with size offsetting the decreased Cmin.

The data from our meta-analysis support a correlation between
calculated physiological vagility and empirically determined
maximal dispersal distance. First there is a significant correlation
between physiological vagility and Dmax among the group means of
amphibians, reptiles, flying birds and terrestrial mammals. This is a
broad though significant interclass test that confirms our hypothesis
that physiological vagility affects dispersal. A second test of this
hypothesis involves a more specific analysis using allometry. The
unifying variable between physiological vagility and Dmax is body
mass, and both variables scale similarly with log body mass in each
group. The allometric scaling relationships for physiological vagility
and Dmax with body mass were both positive and consistently
different (Dmax>physiological vagility) for amphibians, reptiles and
terrestrial mammals. In contrast, physiological vagility and Dmax

were independent of body mass and indistinguishable for flying
birds. The general correspondence in both the class mean data
analysis and the allometric analysis is remarkable when the variation
in methodology for empirically determining Dmax in natural
environments (Koenig et al., 1996) is considered. It appears that the
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general characteristics of each class that affect physiological vagility
have a measurable correlation with the average dispersal within each
class despite enormous intraclass variation. Within each class, the
wide variation in physiological vagility correlates overall with
dispersal, despite the tremendous variation between species relative
to their life history and the variation in methodology to measure
aerobic capacity and Dmax.

While physiological vagility would affect dispersal, the time that
an organism moves would clearly also affect dispersal distances. For
example, the duration of time available for movement differs
between groups, such as endotherms that have greater daily and
seasonal potential for dispersal compared with ectotherms, and
reptiles whose greater tolerance of dry air compared with
amphibians allows longer activity periods. The greater slopes of
Dmax compared with vagility with body mass for terrestrial
locomotion would indicate that larger animals require longer
movement durations to achieve Dmax. For flying vertebrates, the
similar allometric relationship for Dmax and physiological vagility
with body mass indicates that physiological vagility is the primary
determinant of Dmax and that size would not greatly affect the
durations of movement necessary to achieve Dmax.

The duration of time (h) required to achieve Dmax at an aerobically
sustainable speed is equal to Dmax (m) divided by vagility (m/h).
When plotted relative to body mass (Fig. 7), there is clear variability
between the groups, but in all groups there is an increase in the time
necessary to achieve Dmax with increases in body mass. However,
the greatest time necessary to achieve Dmax is less than 10 h in all
groups except for the largest members of each group. Again, birds
are unique in that species of all sizes could reach Dmax in less than
10 h. This indicates that maximal dispersal distances can be reached
in a relatively short amount of time and that this type of movement
represents a very small fraction of an annual activity budget. It may
also indicate that V·O2,sus is a smaller fraction than 60% of V·O2,max that
we used to determine physiological vagility necessitating longer
durations of activity for dispersal.

Genetic heterogeneity with distance was inversely related to both
empirical data for Dmax and physiological vagility as predicted from
our isolation by distance hypotheses (Fig. 6). Recognize, however,
that these represent a mean group physiological vagility and Dmax of
the species within each group where data were available. The
genetic heterogeneity data were taken from studies where FST and
distance between the populations sampled was available. Given
these broad parameters and differences in both axes the relationship
appears robust. Our physiological vagility metric does not exclude
landscape (Adriaensen et al., 2003; Storfer et al., 2007; Jaquiéry et
al., 2011) and ecological variables (Hokit et al., 2010) as also
playing a role in explaining variation in genetic exchange. Distance,
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elevation change, roads, clear cuts, water and other geographical
barriers can all clearly play a role in limiting movement and genetic
exchange. Mechanistically, landscape variables can indirectly reflect
mortality or induce physiological stresses limiting movement. A low
mean and variance of the genetic heterogeneity metric with distance
suggests that landscape variables are relatively insignificant in
comparison with the inherent physiological capacities within a class
In this regard terrestrial locomotion compared with flight and
swimming shows greater mean and variance of genetic
heterogeneity, suggesting that geography is less important in flight
and swimming, and this matches logical expectations. The
significantly greater variance of genetic heterogeneity in amphibians
compared with mammalian terrestrial locomotion might suggest that
physical environmental variables are more significant for
amphibians than mammals. This makes intuitive sense because
amphibians in general are much smaller than mammals and similar
geographical barriers will have a greater impact on amphibian
movement. It is also important to recognize that body temperature
during the breeding season will also affect V·O2,sus and the resultant
vagility for amphibians (Hillman et al., 2014).

There are several ways in which this meta-analysis is potentially
flawed. The first is the absence of simultaneous data for each species
for the variables included in the analysis. Species-specific
measurements of Cmin would be advantageous for incorporation of
a standard allometrically derived Cmin used for each mode of
locomotion. Similarly, our definition of V·O2,sus as 60% of V·O2,max is
probably an overestimate of normal locomotor behavior in many
species and utilization of speeds even within an ‘aerobic’ range
below the anaerobic threshold would cause fatigue if utilized for
extended periods. The term sustained metabolic scope has also been
used to describe energy budgets that were integrative of both rest
and activity periods, and expressed as multiples of V·O2,rest (Peterson
et al., 1990). Their conclusion was that sustained metabolic rate was
somewhere between two and seven times the resting value, which
would approximately translate into 20–70% of V·O2,max and would be
inclusive of our 60% value. However, the fraction of V·O2,max chosen
could change the conclusions we reach in two ways. First, if V·O2,sus

was a smaller fraction than 60% of V·O2,max the time necessary to
achieve Dmax would increase. Second, if the fraction varied between
the various classes and modes of locomotion the conclusions might
be very different. There are no data to suggest that this fraction
varies significantly between classes, but variation probably exists
and more data would further inform our conclusions. Cmin values for
each species involved in the analysis would probably not influence

the conclusions significantly as the cost of transport data for
different locomotor modes are quite robust.

The degree of interspecific variance of genetic heterogeneity
described by this single physiological metric of vagility is greater
than the intraspecific variance explained by analyses of multiple
environmental and landscape characteristics that fail to incorporate
vagility as a metric. The most important point resulting from our
meta-analyses is that interclass differences in physiological vagility
resulting from physiological and anatomical phenotypes play a
significant role in determining genetic exchange among vertebrates
(Fig. 6). A logical extension of this clear relationship suggests that
variation in intraclass vagility would also play an important
explanatory role for variation in genetic exchange between species
for other vertebrates, as observed in amphibians (Hillman et al.,
2014). The selection pressures that led to different modes of
locomotion, body size and aerobic capacity are distinct from the
resultant population genetic consequences. Inherent physiological
differences should be considered in addition to both ecological and
landscape environmental variables previously used to describe
observed neutral genetic variation of vertebrate populations.

The meta-analysis supports ‘neutrality’ for microsatellite markers.
Vagility alone, reflecting dispersal capacity, explaining 98% of the
variation in genetic heterogeneity between groups of amphibians,
reptiles, mammals and birds argues against selection operating on
microsatellite markers. We question the usefulness of using neutral
markers in conservation genetics, especially if the FST data simply
reflect variation in physiological vagility influencing dispersal
distances. We suggest that quantifying heterogeneity between
populations using genetic markers that reflect selective differences
would represent a more informative method for effective
conservation of important genetic information, rather than
maintenance of genetic variation in neutral microsatellite markers.

MATERIALS AND METHODS
This meta-analysis required four types of literature data to be summarized:
the maximal rate of mass specific oxygen consumption (V·O2,max), the mass
specific metabolic cost of transport (Cmin), maximal dispersal distances
(Dmax) and the relationship of neutral microsatellite genetic heterogeneity
with distance.

Physiological vagility
Physiological vagility is the maximal sustainable locomotor velocity
(distance over time) that can be achieved by an organism. The variables that
contribute to this velocity include two physiological metrics: (1) the mass-
specific maximal sustainable metabolic rate of the species (V·O2,sus), and (2)
the minimum metabolic cost of transport (Cmin).

There is extensive literature on resting and maximal rates of V·O2 for
vertebrates. The uncertainty is that prolonged, sustainable locomotion is a
fraction of V·O2,max, but is less commonly measured, and in reality no level
of activity is truly sustainable. V·O2,sus in theory is a metabolic rate that can
be maintained aerobically without the accumulation of anaerobic metabolic
products that contribute to fatigue and negatively impact endurance. At
greater intensities, where O2 delivery and concomitant mitochondrial ATP
production does not match the total rate of ATP consumption, anaerobic
products accumulate and locomotion is no longer sustainable, even if the
metabolic rate remains below V·O2,max. Typically, V·O2,sus is 50–80% of V·O2,max

in the four tetrapod vertebrate classes (Davis et al., 1979; Seeherman et al.,
1983; Gleeson and Brackenbury, 1984; Taigen and Beuchat, 1984). We have
chosen an admittedly arbitrary but constant and intermediate value of 60%
of V·O2,max as V·O2,sus in order to provide a metric that is comparable between
species and proportional to their differing aerobic abilities, but conservative
relative to a speed that most animals can sustain.

Physiological vagility (m min−1) is then defined as:

Physiological vagility = V·O2,sus/Cmin , (1)
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where V·O2,sus is in ml O2 kg−1 min−1 at standard temperature and pressure
(dry) and Cmin is in ml O2 kg−1 m−1.

The available data for maximal aerobic metabolic rate (V·O2,max) utilized to
calculate V·O2,sus for this summary were obtained from the following sources:
amphibians (Gatten et al., 1992); reptiles (Bennett, 1972; Bennett, 1982);
birds (Tucker, 1968; Tucker, 1972; Bernstein et al., 1973; Hudson and
Bernstein, 1983; Suarez et al., 1991; Chappell et al., 1996; Bundle et al.,
1999; Ward et al., 2002; Ellerby et al., 2003) and mammals (Thomas, 1975;
Lechner, 1978; Thomas et al., 1984; Carpenter, 1985; Carpenter, 1986;
Lindstedt et al., 1991; Widmer et al., 1997; Winter, 1998; Young et al., 2002;
Weibel et al., 2004).

The V·O2,max for amphibians and reptiles is temperature sensitive and
normally increases 2- to 3.3-fold for every 10°C increase in temperature (i.e.
Q10). We used values for V·O2,max at 20–25°C for amphibians and 30–35°C
for reptiles where these species are optimized to operate at a high sustainable
metabolic rate. Endothermic V·O2,max is reported for normal body temperature
though at V·O2,max their body temperatures will normally be elevated from the
high rate of heat production. Data for V·O2,max of marine mammals are
limited, and so were extrapolated based on body mass from the V·O2,max for
the terrestrial mammal data in this meta-analysis using the following
equation: V·O2,max=2.022Mb

0.900, where Mb is body mass (kg).
Typical body masses of ectotherms were derived from a variety of field

guides and literature, and for endotherms were derived from Dunning
(Dunning, 1992) and Smith et al. (Smith et al., 2003). Typical body masses
of each species were utilized to calculate the species specific Cmin based on
their mode of locomotion.
Cmin (ml O2 kg−1 m−1) was estimated for each species using the summary

formulae of Gatten et al. (Gatten et al., 1992) for terrestrial locomotion
(Cmin=0.53Mb

–0.31), Tucker (Tucker, 1970) for flight (Cmin=0.26Mb
–0.23) and

Williams (Williams, 1999) for swimming marine mammals
(Cmin=0.39Mb

–0.29). The Cmin (energy per mass per distance) tends to occur
at a speed that correlates with V·O2,sus such that the transport costs we apply
here are most applicable for long and sustained movement.

Maximal dispersal distances
There are multiple empirical methods for determining Dmax including mark-
recapture, trapping, radio-tracking and genetic analyses. The size of
monitored areas varies between studies as well as the duration of monitoring
(months, seasons, years) so there are inherent biases in literature summaries,
the precision is low, and large variation is expected (Koenig et al., 1996).

We collected literature values for maximal reported dispersal distances
and the associated typical body mass for each species from multiple sources.
The Dmax for amphibians are from a summary (166 articles, 90 species)
compiled by Alex Smith and Green (Alex Smith and Green, 2005) and we
estimated typical body masses of each species from field guides and the
literature. The Dmax and typical body mass values for reptiles were taken
from a variety of studies (Noble and Clausen, 1936; Hirth et al., 1969;
Brown and Parker, 1976; Wiewandt, 1977; Werner, 1983; Larsen, 1987;
Brown and Brooks, 1994; Madsen and Shine, 1996; Plummer, 1997; Pough
et al., 1998; Hokit et al., 1999; Blouin-Demers and Weatherhead, 2002;
Middendorf et al., 2005; Marshall et al., 2006; Keogh et al., 2007; Dubey et
al., 2008; Rutherford and Gregory, 2003; Templeton et al., 2011; Warner and
Shine, 2008; Welsh et al., 2010). The Dmax and typical body mass values for
birds and mammals were taken from Sutherland et al. (Sutherland et al.,
2000). In these studies, estimations of Dmax were made on individuals
naturally dispersing within their own home ranges, and did not include
migratory movements. If multiple determinations were reported for the same
species, the highest Dmax for that species was utilized.

Correlation between physiological vagility and Dmax
Since the data we utilized for estimations of Dmax have little species overlap
with the data utilized for estimations of physiological vagility, we attempted
to standardize both Dmax and physiological vagility by analysing their
relationship to body mass simultaneously (Fig. 3). Body mass is
allometrically related to Dmax and to both variables used to calculate
physiological vagility (V·O2,sus and Cmin), so the analyses utilized log
transformations of all three variables. It is important to recognize that the
variation in method and scope of measurements for Dmax will introduce

greater intraclass variation than our estimates of vagility, but the overall
relationships to body mass can be informative.

Duration of movement
The duration of movement (min) necessary for dispersal can be defined as:

Duration of movement = Dmax/physiological vagility , (2)

where Dmax is in m and physiological vagility is in m min−1.
Similar allometric relationships with Dmax and physiological vagility with

body mass would predict a consistent duration of movement necessary to
achieve Dmax.

Genetic heterogeneity with distance
Analysis of presumably neutral microsatellite markers is the most common
current technique used to evaluate population genetic structure at a
geographical scale (Jehle and Arntzen, 2002). Genetic differentiation of
populations is generally estimated by FST (the proportion of the variance in
allele frequencies present among populations). Variation in microsatellite
loci with geographic distance has been used to infer gene flow (isolation by
distance) and establishing meta-population structure (Jehle and Arntzen,
2002). The majority of these studies suggest that genetic heterogeneity
increases with distance; however, it is difficult to interpret an absolute FST

value directly as different studies report their results over different mean
geographic distances. Instead, we have used the slope of the relationship
between FST [FST/(1−FST)] and ln distance (km). The common procedure to
determine whether isolation by distance is present is the Mantel test, which
determines whether there is a positive correlation between FST and
ln distance (Rousset, 1997; Rousset and Raymond, 1997). We are essentially
applying a regression analysis rather than a correlation to normalize all the
studies to ln distance. The values we report are the mean of all population
comparisons that are significantly different from one another in a particular
study.

Statistics
Least-squares linear regression techniques were used to determine
relationships. Comparisons were made via ANOVA. All statistical
comparison were performed with Prism version 6.0 (GraphPad Software, La
Jolla, CA, USA).

Acknowledgements
Dr Phil Withers, Dr Art Woods, Dr Michael Murphy and two anonymous reviewers
provided valuable feedback on the manuscript.

Competing interests
The authors declare no competing financial interests. 

Author contributions
All authors participated equally in data summary, the development of ideas and
writing the manuscript.

Funding
This work was supported by the National Science Foundation (IOS-0843082).

References
Adams, L. D. and Rosel, P. E. (2006). Population differentiation of the Atlantic spotted

dolphin (Stenella frontalis) in the western North Atlantic, including the Gulf of Mexico.
Mar. Biol. 148, 671-681. 

Adriaensen, F., Chardon, J. P., De Blust, G., Swinnen, E., Villalba, S., Gulinck, H.
and Matthysen, E. (2003). The application of ‘least-cost’ modelling as a functional
landscape model. Landsc. Urban Plan. 64, 233-247. 

Allaby, M. (1994). Oxford Concise Dictionary of Ecology. New York, NY: Oxford
University Press.

Alex Smith, M. and Green, D. M. (2005). Dispersal and the metapopulation paradigm
in amphibian ecology and conservation: are all amphibian populations
metapopulations? Ecography 28, 110-128. 

Arens, P., Butger, R., van’t Westende, W., Zollinger, R., Stronks, J., Vos, C. C. and
Smulders, M. J. M. (2006). Microsatellite variation and population structure of a
recovering Tree frog (Hyla arborea L.) metapopulation. Conserv. Genet. 7, 825-835. 

Arens, P., van der Sluis, T., van’t Westende, W. P. C., Vosman, B., Vos, C. C. and
Smulders, M. J. M. (2007). Genetic population differentiation and connectivity
among fragmented Moor frog (Rana arvalis) populations in The Netherlands.
Landscape Ecology 22, 1489-1500. 



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

3362

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.105908

Arruda, M. P., Morielle-Versute, E., Silva, A., Schneider, M. P. C. and Gonçalves, E.
C. (2011). Contemporary gene flow and weak genetic structuring in Rococo toad
(Rhinella schneideri) populations in habitats fragmented by agricultural activities.
Amphibia-Reptilia 32, 399-411. 

Austin, J. D., Lougheed, S. C. and Boag, P. T. (2004). Controlling for the effects of
history and nonequilibrium conditions in gene flow estimates in northern bullfrog
(Rana catesbeiana) populations. Genetics 168, 1491-1506. 

Barr, K. R., Lindsay, D. L., Athrey, G., Lance, R. F., Hayden, T. J., Tweddale, S. A.
and Leberg, P. L. (2008). Population structure in an endangered songbird:
maintenance of genetic differentiation despite high vagility and significant population
recovery. Mol. Ecol. 17, 3628-3639. 

Bennett, A. F. (1972). The effect of activity on oxygen consumption, oxygen debt, and
heart rate in the lizards Varanus gouldii and Sauromalus hispidus. J. Comp. Physiol.
79, 259-280. 

Bennett, A. F. (1982). The energetics of reptilian activity. In Biology of the Reptilia, Vol.
13 (ed. C. Gans and F. H. Pough), pp. 155-199. New York, NY: Academic Press.

Bernstein, M. H., Thomas, S. P. and Schmidt-Nielsen, K. (1973). Power input during
flight of the fish crow, Corvus ossifragus. J. Exp. Biol. 58, 401-410.

Bicknell, A. W., Knight, M. E., Bilton, D., Reid, J. B., Burke, T. and Votier, S. C.
(2012). Population genetic structure and long-distance dispersal among seabird
populations: implications for colony persistence. Mol. Ecol. 21, 2863-2876. 

Blouin, M. S., Phillipsen, I. C. and Monsen, K. J. (2010). Population structure and
conservation genetics of the Oregon spotted frog, Rana pretiosa. Conserv. Genet.
11, 2179-2194. 

Blouin-Demers, G. and Weatherhead, P. J. (2002). Implications of movement
patterns for gene flow in black rat snakes (Elaphe obsoleta). Can. J. Zool. 80, 1162-
1172. 

Böhme, M. U., Schneewei, B. N., Schlegel, M. and Berendock, T. U. (2007). Small
edge populations at risk: genetic diversity of the green lizard (Lacerta viridis viridis) in
Germany and implications for conservation management. Conserv. Genet. 8, 555-
563. 

Brown, G. P. and Brooks, R. J. (1994). Characteristics of and fidelity to hibernacula in
a northern population of snapping turtles, Chelydra serpentina. Copeia 1994, 222-
226. 

Brown, W. S. and Parker, W. S. (1976). Movement ecology of Coluber constrictor near
communal hibernacula. Copeia 1976, 225-242. 

Bundle, M. W., Hoppeler, H., Vock, R., Tester, J. M. and Weyand, P. G. (1999). High
metabolic rates in running birds. Nature 397, 31-32. 

Burg, T. M., Gaston, A. J., Winker, K. and Friesen, V. L. (2005). Rapid divergence
and postglacial colonization in western North American Steller’s jays (Cyanocitta
stelleri). Mol. Ecol. 14, 3745-3755. 

Burland, T. M., Barratt, E. M., Beaumont, M. A. and Racey, P. A. (1999). Population
genetic structure and gene flow in a gleaning bat, Plecotus auritus. Proc. R. Soc. B
266, 975-980. 

Burns, E. L., Eldridge, M. D. B. and Houlden, B. A. (2004). Microsatellite variation
and population structure in a declining Australian hylid Litoria aurea. Mol. Ecol. 13,
1745-1757. 

Bushar, L. M., Reinert, H. K. and Gelbert, L. (1998). Genetic variation and gene flow
within and between local populations of the timber rattlesnake, Crotalus horridus.
Copeia 1998, 411-422. 

Campbell, P., Schneider, C. J., Adnan, A. M., Zubaid, A. and Kunz, T. H. (2006).
Comparative population structure of Cynopterus fruit bats in peninsular Malaysia and
southern Thailand. Mol. Ecol. 15, 29-47. 

Carpenter, R. E. (1985). Flight physiology of flying foxes, Pteropus poliocephalus. J.
Exp. Biol. 114, 619-647.

Carpenter, R. E. (1986). Flight physiology of intermediate-sized fruit bats (Pteropidae).
J. Exp. Biol. 120, 79-103.

Castella, V., Ruedi, M. and Excoffier, L. (2001). Contrasted patterns of mitochondrial
and nuclear structure among nursery colonies of the bat Myotis myotis. J. Evol. Biol.
14, 708-720. 

Castella, V., Ruedi, M., Excoffier, L., Ibáñez, C., Arlettaz, R. and Hausser, J. (2000).
Is the Gibraltar strait a barrier to gene flow for the bat Myotis myotis (Chiroptera:
Vespertilionidae)? Mol. Ecol. 9, 1761-1772. 

Chan, L. M., Fitzgerald, L. A. and Zamudio, K. R. (2009). The scale of genetic
differentiation in the dunes sagebrush-lizard (Sceloporus arenicolous), an endemic
habitat specialist. Conserv. Genet. 10, 131-142. 

Chan, L. M. and Zamudio, K. R. (2009). Population differentiation of temperate
amphibians in unpredictable environments. Mol. Ecol. 18, 3185-3200. 

Chappell, M. A., Zuk, M. and Johnsen, T. S. (1996). Repeatability of aerobic
performance in red junglefowl: effects of ontogeny and nematode infection. Funct.
Ecol. 10, 578-585. 

Chen, J., Rossiter, S. J., Flanders, J. R., Sun, Y., Hua, P., Miller-Butterworth, C.,
Liu, X., Rajan, K. E. and Zhang, S. (2010). Contrasting genetic structure in two co-
distributed species of old world fruit bat. PLoS ONE 5, e13903. 

Chinnasamy, K., Pitchamuthu, M., Doss, P. S., Marimuthu, G. and Rajan, K. E.
(2011). Genetic diversity and population structure of leaf-nosed bat Hipposideros
speoris (Chiroptera: Hipposideridae) in Indian subcontinent. Afr. J. Biotechnol. 10,
1320-1328.

Comstock, K. E., Georgiadis, N., Pecon-Slattery, J., Roca, A. L., Ostrander, E. A.,
O’Brien, S. J. and Wasser, S. K. (2002). Patterns of molecular genetic variation
among African elephant populations. Mol. Ecol. 11, 2489-2498. 

Cronin, M. A., MacNeil, M. D. and Patton, J. C. (2005). Variation in mitochondrial
DNA and microsatellite DNA in caribou (Rangifer tarandus) in North America. J.
Mammal. 86, 495-505. 

Cunningham, J., Baard, E. H. W., Harley, E. H. and O’Ryan, C. (2002). Investigation
of genetic diversity in fragmented geometric tortoise (Psammobates geometricus)
populations. Conserv. Genet. 3, 215-223. 

Davis, J. A., Frank, M. H., Whipp, B. J. and Wasserman, K. (1979). Anaerobic
threshold alterations caused by endurance training in middle-aged men. J. Appl.
Physiol. 46, 1039-1046.

Davis, L. A., Roalson, E. H., Cornell, K. L., McClanahan, K. D. and Webster, M. S.
(2006). Genetic divergence and migration patterns in a North American passerine
bird: implications for evolution and conservation. Mol. Ecol. 15, 2141-2152. 

Dickerson, B. R., Ream, R. R., Vignieri, S. N. and Bentzen, P. (2010). Population
structure as revealed by mtDNA and microsatellites in northern fur seals, Callorhinus
ursinus, throughout their range. PLoS ONE 5, e10671. 

Dubey, S., Brown, G. P., Madsen, T. and Shine, R. (2008). Male-biased dispersal in a
tropical Australian snake (Stegonotus cucullatus, Colubridae). Mol. Ecol. 17, 3506-
3514. 

Dunning, D. B. (1992). CRC Handbook of Avian Body Masses. Boca Raton, FL: CRC
Press.

Ellerby, D. J., Cleary, M., Marsh, R. L. and Buchanan, C. I. (2003). Measurement of
maximum oxygen consumption in Guinea fowl Numida meleagris indicates that birds
and mammals display a similar diversity of aerobic scopes during running. Physiol.
Biochem. Zool. 76, 695-703. 

Escorza-Treviño, S. and Dizon, A. E. (2000). Phylogeography, intraspecific structure
and sex-biased dispersal of Dall’s porpoise, Phocoenoides dalli, revealed by
mitochondrial and microsatellite DNA analyses. Mol. Ecol. 9, 1049-1060. 

Floyd, C. H., Flores-Martínez, J. J., Herrera, M. L. G., Mejía, O. and May, B. (2010).
Conserving the endangered Mexican fishing bat (Myotis vivesi): genetic variation
indicates extensive gene flow among islands in the Gulf of California. Conserv.
Genet. 11, 813-822. 

Floyd, C. H., Van Vuren, D. H., Crooks, K. R., Jones, K. L., Garcelon, D. K.,
Belfiore, N. M., Dragoo, J. W. and May, B. (2011). Genetic differentiation of island
spotted skunks, Spilogale gracilis amphiala. J. Mammal. 92, 148-158. 

Forbes, S. H. and Hogg, J. T. (1999). Assessing population structure at high levels of
differentiation: microsatellite comparisons of bighorn sheep and large carnivores.
Anim. Conserv. 2, 223-233. 

Frantz, A. C., Bertouille, S., Eloy, M. C., Licoppe, A., Chaumont, F. and Flamand,
M. C. (2012). Comparative landscape genetic analyses show a Belgian motorway to
be a gene flow barrier for red deer (Cervus elaphus), but not wild boars (Sus scrofa).
Mol. Ecol. 21, 3445-3457. 

Funk, W. C., Mullins, T. D. and Haig, S. M. (2007). Conservation genetics of snowy
plovers (Charadrius alexandrinus) in the Western Hemisphere: population genetic
structure and delineation of subspecies. Conserv. Genet. 8, 1287-1309. 

Gatten, R. E., Miller, K. and Full, R. J. (1992). Energetics at rest and during
locomotion. In Environmental Physiology of the Amphibians (ed. M. E. Feder and W.
W. Burrgren), pp. 314-377. Chicago, IL; London: University of Chicago Press.

Gerlach, G. and Musolf, K. (2000). Fragmentation of landscape as a cause for
genetic subdivision in bank voles. Conserv. Biol. 14, 1066-1074. 

Gibbs, H. L., Dawson, R. J. and Hobson, K. A. (2000). Limited differentiation in
microsatellite DNA variation among northern populations of the yellow warbler:
evidence for male-biased gene flow? Mol. Ecol. 9, 2137-2147. 

Gibbs, H. L., Prior, K. A., Weatherhead, P. J. and Johnson, G. (1997). Genetic
structure of populations of the threatened eastern massasauga rattlesnake, Sistrurus
c. catenatus: evidence from microsatellite DNA markers. Mol. Ecol. 6, 1123-1132. 

Girman, D. J., Vilà, C., Geffen, E., Creel, S., Mills, M. G., McNutt, J. W., Ginsberg,
J., Kat, P. W., Mamiya, K. H. and Wayne, R. K. (2001). Patterns of population
subdivision, gene flow and genetic variability in the African wild dog (Lycaon pictus).
Mol. Ecol. 10, 1703-1723. 

Gleeson, M. and Brackenbury, J. H. (1984). Effects of body temperature on
ventilation, blood gases and acid-base balance in exercising fowl. Q. J. Exp. Physiol.
69, 61-72.

González-Suárez, M., Flatz, R., Aurioles-Gamboa, D., Hedrick, P. W. and Gerber, L.
R. (2009). Isolation by distance among California sea lion populations in Mexico:
redefining management stocks. Mol. Ecol. 18, 1088-1099. 

Graves, J. A., Helyar, A., Biuw, M., Jüssi, M., Jüssi, I. and Karlsson, O. (2008).
Microsatellite and mtDNA analysis of the population structure of grey seals
(Halichoerus grypus) from three breeding areas in the Baltic Sea. Conserv. Genet.
10, 59-68. 

Hedtke, S. M., Zamudio, K. R., Phillips, C. A., Losos, J. and Brylski, P. (2007).
Conservation genetics of the endangered Coachella Valley fringe-toed lizard (Uma
inornata). Herpetologica 63, 411-420. 

Herreman, J. K., Blundell, G. M., McDonald, D. B. and Ben-David, M. (2009).
Asymmetrical male-mediated gene flow between harbor seal (Phoca vitulina)
populations in Alaska. Can. J. Zool. 87, 498-507. 

Hillman, S. S., Drewes, R. C., Hedrick, M. S. and Hancock, T. V. (2014).
Physiological vagility: correlations with dispersal and population genetic structure of
amphibians. Physiol. Biochem. Zool. 87, 105-112. 

Hirth, H. F., Pendelton, R. C., King, A. C. and Downard, T. R. (1969). Dispersal of
snakes from a hibernaculum in northwestern Utah. Ecology 50, 332-339. 

Hoehn, M., Sarre, S. D. and Henle, K. (2007). The tales of two geckos: does dispersal
prevent extinction in recently fragmented populations? Mol. Ecol. 16, 3299-3312. 

Hoelzel, A. R., Natoli, A., Dahlheim, M. E., Olavarria, C., Baird, R. W. and Black, N.
A. (2002). Low worldwide genetic diversity in the killer whale (Orcinus orca):
implications for demographic history. Proc. R. Soc. B 269, 1467-1473. 

Hokit, D. G., Stith, B. M. and Branch, L. C. (1999). Effects of landscape structure in
Florida scrub: a population perspective. Ecol. Appl. 9, 124-134. 



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

3363

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.105908

Hokit, D. G., Ascunce, M., Ernst, J., Branch, L. and Clark, A. (2010). Ecological
metrics predict connectivity better than geographic distance. Conserv. Genet. 11,
149-159. 

Hudson, D. M. and Bernstein, M. H. (1983). Gas exchange and energy cost of flight
in the white-necked raven, Corvus cryptoleucus. J. Exp. Biol. 103, 121-130.

Hull, J. M., Hull, A. C., Sacks, B. N., Smith, J. P. and Ernest, H. B. (2008).
Landscape characteristics influence morphological and genetic differentiation in a
widespread raptor (Buteo jamaicensis). Mol. Ecol. 17, 810-824. 

Hutchison, D. W. and Templeton, A. R. (1999). Correlation of pairwise genetic and
geographic distance measures: Inferring the relative influences of gene flow and drift
on the distribution of genetic variability. Evolution 53, 1898-1914. 

Jansen, K. P., Mushinsky, H. R. and Karl, S. A. (2008). Population genetics of the
mangrove salt marsh snake, Nerodia clarkii compressicauda, in a linear, fragmented
habitat. Conserv. Genet. 9, 401-410. 

Jaquiéry, J., Broquet, T., Hirzel, A. H., Yearsley, J. and Perrin, N. (2011). Inferring
landscape effects on dispersal from genetic distances: how far can we go? Mol.
Ecol. 20, 692-705. 

Jehle, R. and Arntzen, J. W. (2002). Review: microsatellite markers in amphibian
conservation genetics. Herpetol. J. 12, 1-9.

Johansson, M., Primmer, C. R. and Merilä, J. (2006). History vs. current
demography: explaining the genetic population structure of the common frog (Rana
temporaria). Mol. Ecol. 15, 975-983. 

Johansson, H., Surget-Groba, Y. and Thorpe, R. S. (2008). Microsatellite data show
evidence for male-biased dispersal in the Caribbean lizard Anolis roquet. Mol. Ecol.
17, 4425-4432. 

Johnsen, A., Andersson, S., Fernandez, J. G., Kempenaers, B., Pavel, V.,
Questiau, S., Raess, M., Rindal, E. and Lifjeld, J. T. (2006). Molecular and
phenotypic divergence in the bluethroat (Luscinia svecica) subspecies complex. Mol.
Ecol. 15, 4033-4047. 

Keogh, J. S., Webb, J. K. and Shine, R. (2007). Spatial genetic analysis and long-
term mark-recapture data demonstrate male-biased dispersal in a snake. Biol. Lett.
3, 33-35. 

Klug, P. E., Wisely, S. M. and With, K. A. (2011). Population genetic structure and
landscape connectivity of the eastern yellowbelly racer (Coluber constrictor
flaviventris) in the contiguous tallgrass prarie of northeastern Kansas, USA.
Landscape Ecol. 26, 281-294. 

Kodandaramaiah, U. (2009). Vagility: the neglected component in historical
biogeography. Evol. Biol. 36, 327-335. 

Koenig, W. D., Van Vuren, D. and Hooge, P. N. (1996). Detectability, philopatry, and
the distribution of dispersal distances in vertebrates. Trends Ecol. Evol. 11, 514-517. 

Koopman, M. E., Hayward, G. D., McDonald, D. B. and Winker, K. (2007). High
connectivity and minimal genetic structure among North American boreal owl
(Aegolius funereus) populations, regardless of habitat matrix. Auk 124, 690-704. 

Krützen, M., Sherwin, W. B., Berggren, P. and Gales, N. (2004). Population structure
in an inshore cetacean revealed by microsatellite and mtDNA analysis: bottlenose
dolphins (Tursiops sp.) in Shark Bay, Western Australia. Mar. Mamm. Sci. 20, 28-47. 

Lampert, K. P., Rand, A. S., Mueller, U. G. and Ryan, M. J. (2003). Fine-scale
genetic pattern and evidence for sex-biased dispersal in the túngara frog,
Physalaemus pustulosus. Mol. Ecol. 12, 3325-3334. 

Lampila, S., Kvist, L., Wistbacka, R. and Orell, M. (2009). Genetic diversity and
population differentiation in the endangered Siberian flying squirrel (Pteromys
volans) in a fragmented landscape. Eur. J. Wildl. Res. 55, 397-406. 

Larsen, K. W. (1987). Movements and behavior of migratory garter snakes
Thamnophis sirtalis. Can. J. Zool. 65, 2241-2247. 

Larson, S., Jameson, R., Bodkin, J., Staedler, M. and Bentzen, P. (2002).
Microsatellite DNA and mitochondrial DNA variation in remnant and translocated sea
otter (Enhydra lutris) populations. J. Mammal. 83, 893-906. 

Lechner, A. J. (1978). The scaling of maximal oxygen consumption and pulmonary
dimensions in small mammals. Respir. Physiol. 34, 29-44. 

Lee, P. L., Bradbury, R. B., Wilson, J. D., Flanagan, N. S., Richardson, L., Perkins,
A. J. and Krebs, J. R. (2001). Microsatellite variation in the yellowhammer Emberiza
citrinella: population structure of a declining farmland bird. Mol. Ecol. 10, 1633-
1644. 

Lindsay, D. L., Barr, K. R., Lance, R. F., Tweddale, S. A., Hayden, T. J. and Leberg,
P. L. (2008). Habitat fragmentation and genetic diversity of an endangered, migratory
songbird, the golden-cheeked warbler (Dendroica chrysoparia). Mol. Ecol. 17, 2122-
2133. 

Lindstedt, S. L., Hokanson, J. F., Wells, D. J., Swain, S. D., Hoppeler, H. and
Navarro, V. (1991). Running energetics in the pronghorn antelope. Nature 353, 748-
750. 

Lowe, W. H. (2009). What drives long-distance dispersal? A test of theoretical
predictions. Ecology 90, 1456-1462. 

McDevitt, A. D., Rambau, R. V., O’Brien, J., McDevitt, C. D., Hayden, T. J. and
Searle, J. B. (2009). Genetic variation in Irish pygmy shrews Sorex minutus
(Soricomorpha: Soricidae): implications for colonization history. Biol. J. Linn. Soc.
Lond. 97, 918-927. 

Madsen, T. and Shine, R. (1996). Seasonal migration of predators and prey – a study
of pythons and rats in tropical Australia. Ecology 77, 149-156. 

Manier, M. K. and Arnold, S. J. (2005). Population genetic analysis identifies source-
sink dynamics for two sympatric garter snake species (Thamnophis elegans and
Thamnophis sirtalis). Mol. Ecol. 14, 3965-3976. 

Manier, M. K. and Arnold, S. J. (2006). Ecological correlates of population genetic
structure: a comparative approach using a vertebrate metacommunity. Proc. R. Soc.
B 273, 3001-3009. 

Marshall, J. C., Kinsbury, B. A. and Minchella, D. J. (2009). Microsatellite variation,
population structure, and bottlenecks in the threatened copperbelly water snake.
Conserv. Genet. 10, 465-476. 

Marshall, J. C., Manning, J. V. and Kingsbury, B. A. (2006). Movement and
microhabitat selection of the eastern massasauga in a fen habitat. Herpetologica 62,
141-150. 

Mendez, M., Rosenbaum, H. C., Subramaniam, A., Yackulic, C. and Bordino, P.
(2010). Isolation by environmental distance in mobile marine species: molecular
ecology of Franciscana dolphins at their southern range. Mol. Ecol. 19, 2212-2228. 

Middendorf, G., Frankel, J. and Ruby, D. (2005). Variation in populations of Yarrow’s
spiny lizard, Sceloporus jarrovi, in the northern Madrean Archipelago region. In
USDA Forest Service Proceedings, Vol. RMRS-P-36, pp. 100-105. Washington, DC:
USDA.

Møller, T. B., Pertoldi, C., Madsen, A. B., Asferg, T., Frydenberg, J., Hammershøj,
M. and Loeschcke, V. (2004). Genetic variability in Danish polecats Mustela
putorius as assessed by microsatellites. Wildlife Biology 10, 25-33.

Monsen, K. J. and Blouin, M. S. (2004). Extreme isolation by distance in a montane
frog Rana cascadae. Conserv. Genet. 5, 827-835. 

Newman, R. A. and Squire, T. (2001). Microsatellite variation and fine-scale
population structure in the wood frog (Rana sylvatica). Mol. Ecol. 10, 1087-1100. 

Ngamprasertwong, T., Mackie, I. J., Racey, P. A. and Piertney, S. B. (2008). Spatial
distribution of mitochondrial and microsatellite DNA variation in Daubenton’s bat
within Scotland. Mol. Ecol. 17, 3243-3258. 

Nittinger, F., Gamauf, A., Pinsker, W., Wink, M. and Haring, E. (2007).
Phylogeography and population structure of the saker falcon (Falco cherrug) and the
influence of hybridization: mitochondrial and microsatellite data. Mol. Ecol. 16, 1497-
1517. 

Noble, G. K. and Clausen, H. J. (1936). The aggregation behavior of Storeria dekayi
and other snakes, with especial reference to the sense organs involved. Ecol.
Monogr. 6, 269-316. 

Palo, J. U., Schmeller, D. S., Laurila, A., Primmer, C. R., Kuzmin, S. L. and Merilä,
J. (2004). High degree of population subdivision in a widespread amphibian. Mol.
Ecol. 13, 2631-2644. 

Pavlacky, D. C., Jr, Goldizen, A. W., Prentis, P. J., Nicholls, J. A. and Lowe, A. J.
(2009). A landscape genetics approach for quantifying the relative influence of
historic and contemporary habitat heterogeneity on the genetic connectivity of a
rainforest bird. Mol. Ecol. 18, 2945-2960. 

Pernetta, A. P., Allen, J. A., Beebee, T. J. C. and Reading, C. J. (2011). Fine-scale
population genetic structure and sex-biased dispersal in the smooth snake
(Coronella austriaca) in southern England. Heredity 107, 231-238. 

Peterson, C. C., Nagy, K. A. and Diamond, J. (1990). Sustained metabolic scope.
Proc. Natl. Acad. Sci. 87, 2324-2328.

Plummer, M. V. (1997). Population ecology of green snakes (Opheodrys aestivus)
revisited. Herpetological Monogr. 11, 102-123. 

Pough, F. H., Andrews, R. M., Cadle, J. E., Crump, M. L., Savitsky, A. H. and Wells,
K. D. (1998). Herpetology. Prentice Hall, NJ: Benjamin Cummings.

Prior, K. A., Gibbs, H. L. and Weatherhead, P. J. (1997). Population genetic structure
in the black rat snake: implications for management. Conserv. Biol. 11, 1147-1158. 

Prosser, M. R., Gibbs, H. L. and Weatherhead, P. J. (1999). Microgeographic
population genetic structure in the northern water snake, Nerodia sipedon sipedon
detected using microsatellite DNA loci. Mol. Ecol. 8, 329-333. 

Quérouil, S., Silva, M. A., Freitas, L., Prieto, R., Magalhães, S., Dinis, A., Alves, F.,
Matos, J. A., Mendonça, D., Hammond, P. S. et al. (2007). High gene flow in
oceanic bottlenose dolphins (Tursiops truncatus) of the North Atlantic. Conserv.
Genet. 8, 1405-1419. 

Racey, P. A., Barratt, E. M., Burland, T. M., Deaville, R., Gotelli, D., Jones, G. and
Piertney, S. B. (2007). Microsatellite DNA polymorphism confirms reproductive
isolation and reveals differences in population genetic structure of cryptic pipistrelle
bat species. Biol. J. Linn. Soc. Lond. 90, 539-550. 

Rossiter, S. J., Benda, P., Dietz, C., Zhang, S. and Jones, G. (2007). Rangewide
phylogeography in the greater horseshoe bat inferred from microsatellites: implications
for population history, taxonomy and conservation. Mol. Ecol. 16, 4699-4714. 

Rousset, F. (1997). Genetic differentiation and estimation of gene flow from F-statistics
under isolation by distance. Genetics 145, 1219-1228.

Rousset, F. and Raymond, M. (1997). Statistical analyses of population genetic data:
new tools, old concepts. Trends Ecol. Evol. 12, 313-317. 

Row, J. R., Blouin-Demers, G. and Lougheed, S. C. (2010). Habitat distribution
influences dispersal and fine-scale genetic population structure of eastern foxsnakes
(Mintonius gloydi) across a fragmented landscape. Mol. Ecol. 19, 5157-5171. 

Rutherford, P. L. and Gregory, P. T. (2003). Habitat use and movement patterns of
northern alligator lizards (Elgaria coerulea) and western skinks (Eumeces
skiltonianus) in southeastern British Columbia. J. Herpetol. 37, 98-106. 

Salgueiro, P., Palmeirim, J., Ruedi, M. and Coelho, M. M. (2008). Gene flow and
population structure of the endemic Azorean bat (Nyctalus azoreum) based on
microsatellites: implications for conservation. Conserv. Genet. 9, 1163-1171. 

Sandel, B., Arge, L., Dalsgaard, B., Davies, R. G., Gaston, K. J., Sutherland, W. J.
and Svenning, J. C. (2011). The influence of late Quaternary climate-change
velocity on species endemism. Science 334, 660-664. 

Schmidt, J. I., Hundertmark, K. J., Bowyer, R. T. and McCracken, K. G. (2009).
Population structure and genetic diversity of moose in Alaska. J. Hered. 100, 170-
180. 

Seeherman, H. J., Dmi’el, R. and Gleeson, T. T. (1983). Oxygen consumption and
lactate production in varanid and iguanid lizards: a mammalian relationship. Int. Ser.
Sport Sci. 13, 421-427.



Th
e 

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

3364

RESEARCH ARTICLE The Journal of Experimental Biology (2014) doi:10.1242/jeb.105908

Smith, F. A., Lyons, S. K., Ernest, S. K. M., Jones, K. E., Kaufman, D. M., Dayan,
T., Marquet, P. A., Brown, J. H. and Haskell, J. P. (2003). Body mass of late
Quaternary mammals. Ecology 84, 3402. 

Spear, S. F., Peterson, C. R., Matocq, M. D. and Storfer, A. (2005). Landscape
genetics of the blotched tiger salamander (Ambystoma tigrinum melanostictum). Mol.
Ecol. 14, 2553-2564. 

Spear, S. F. and Storfer, A. (2008). Landscape genetic structure of coastal tailed frogs
(Ascaphus truei) in protected vs. managed forests. Mol. Ecol. 17, 4642-4656. 

Storfer, A., Murphy, M. A., Evans, J. S., Goldberg, C. S., Robinson, S., Spear, S. F.,
Dezzani, R., Delmelle, E., Vierling, L. and Waits, L. P. (2007). Putting the
‘landscape’ in landscape genetics. Heredity 98, 128-142. 

Suarez, R. K., Lighton, J. R. B., Brown, G. S. and Mathieu-Costello, O. (1991).
Mitochondrial respiration in hummingbird flight muscles. Proc. Natl. Acad. Sci. USA
88, 4870-4873. 

Sutherland, G. D., Harestad, A. S., Price, K. and Lertzman, K. P. (2000). Scaling of
natal dispersal distances in terrestrial birds and mammals. Conservation Ecology 4,
16.

Taigen, T. L. and Beuchat, C. A. (1984). Anaerobic threshold of anuran amphibians.
Physiol. Zool. 57, 641-647.

Templeton, A. R., Brazeal, H. and Neuwald, J. L. (2011). The transition from isolated
patches to a metapopulation in the eastern collared lizard in response to prescribed
fires. Ecology 92, 1736-1747. 

Thimmayya, A. C. and Buskirk, S. W. (2012). Genetic connectivity and diversity 
of pygmy rabbits (Brachylagus idahoensis) in southern Wyoming. J. Mammal. 93, 29-
37. 

Thomas, S. P. (1975). Metabolism during flight in two species of bats, Phyllostomus
hastatus and Pteropus gouldii. J. Exp. Biol. 63, 273-293.

Thomas, S. P., Lust, M. R. and Van Riper, H. J. (1984). Ventilation and oxygen
extraction in the bat Phyllostomus hastatus during rest and steady flight. Physiol.
Zool. 57, 237-250.

Tiedemann, R., Paulus, K. B., Scheer, M., von Kistowski, K. G., Skírnisson, K.,
Bloch, D. and Dam, M. (2004). Mitochondrial DNA and microsatellite variation in the
eider duck (Somateria mollissima) indicate stepwise postglacial colonization of
Europe and limited current long-distance dispersal. Mol. Ecol. 13, 1481-1494. 

Trizio, I., Crestanello, B., Galbusera, P., Wauters, L. A., Tosi, G., Matthysen, E. and
Hauffe, H. C. (2005). Geographical distance and physical barriers shape the genetic
structure of Eurasian red squirrels (Sciurus vulgaris) in the Italian Alps. Mol. Ecol. 14,
469-481. 

Trujillo, R. G., Loughlin, T. R., Gemmell, N. J., Patton, J. C. and Bickham, J. W.
(2004). Variation in microsatellites and mtDNA across the range of the Steller sea
lion, Eumetopias jubatus. J. Mammal. 85, 338-346. 

Tucker, V. A. (1968). Respiratory exchange and evaporative water loss in the flying
budgerigars. J. Exp. Biol. 48, 67-87.

Tucker, V. A. (1970). Energetic cost of locomotion in animals. Comp. Biochem.
Physiol. 34, 841-846. 

Tucker, V. A. (1972). Metabolism during flight in the laughing gull, Larus atricilla. Am. J.
Physiol. 222, 237-245.

Urquhart, J., Wang, Y. and Fu, J. (2009). Historical vicariance and male-mediated
gene flow in the toad-headed lizards Phrynocephalus przewalskii. Mol. Ecol. 18,
3714-3729. 

Valsecchi, E., Palsbøll, P., Hale, P., Glockner-Ferrari, D., Ferrari, M., Clapham, P.,
Larsen, F., Mattila, D., Sears, R., Sigurjonsson, J. et al. (1997). Microsatellite
genetic distances between oceanic populations of the humpback whale (Megaptera
novaeangliae). Mol. Biol. Evol. 14, 355-362. 

Vos, C. C., Antonisse-De Jong, A. G., Goedhart, P. W. and Smulders, M. J. M.
(2001). Genetic similarity as a measure for connectivity between fragmented
populations of the moor frog (Rana arvalis). Heredity 86, 598-608. 

Wang, I. J. (2009). Fine-scale population structure in a desert amphibian: landscape
genetics of the black toad (Bufo exsul). Mol. Ecol. 18, 3847-3856. 

Ward, S., Bishop, C. M., Woakes, A. J. and Butler, P. J. (2002). Heart rate and the
rate of oxygen consumption of flying and walking barnacle geese (Branta leucopsis)
and bar-headed geese (Anser indicus). J. Exp. Biol. 205, 3347-3356.

Warner, D. A. and Shine, R. (2008). Determinants of dispersal distance in free-ranging
juvenile lizards. Ethology 114, 361-368. 

Weibel, E. R., Bacigalupe, L. D., Schmitt, B. and Hoppeler, H. (2004). Allometric
scaling of maximal metabolic rate in mammals: muscle aerobic capacity as
determinant factor. Respir. Physiol. Neurobiol. 140, 115-132. 

Welsh, H. H., Wheeler, C. A. and Lind, A. J. (2010). Spatial ecology of the Oregon
gartersnake, Thamnophis atratus hydrophilus, in a free-flowing stream environment.
Copeia 2010, 75-85. 

Werner, D. I. (1983). Reproduction in the iguana Conolophus subcristatus on
Fernadina Island, Galapogos: clutch size and migration costs. Am. Nat. 121, 757-775. 

Widmer, H. R., Hoppeler, H., Nevo, E., Taylor, C. R. and Weibel, E. R. (1997).
Working underground: respiratory adaptations in the blind mole rat. Proc. Natl. Acad.
Sci. USA 94, 2062-2067. 

Wiewandt, T. A. (1977). Ecology, Behavior, and Management of the Mona Island
Ground Iguana, Cyclura stejnegeri. PhD dissertation, Cornell University, Ithaca, New
York, NY, USA.

Williams, T. M. (1999). The evolution of cost efficient swimming in marine mammals:
limits to energetic optimization. Philos. Trans. R. Soc. B 354, 193-201. 

Williams, C. L., Brust, R. C. and Jr, O. E. R. (2002). Microsatellite polymorphism and
genetic structure of Florida mottled duck populations. Condor 104, 424-431. 

Winter, Y. (1998). Energetic cost of hovering flight in a nectar-feeding bat measured
with fast-response respirometry. J. Comp. Physiol. B 168, 434-444. 

Wright, S. (1943). Isolation by distance. Genetics 28, 114-138.
Young, L. E., Marlin, D. J., Deaton, C., Brown-Feltner, H., Roberts, C. A. and

Wood, J. L. (2002). Heart size estimated by echocardiography correlates with
maximal oxygen uptake. Equine Vet. J. Suppl. 34, 467-471. 

Yu, H. T. and Peng, Y. H. (2002). Population differentiation and gene flow revealed by
microsatellite DNA markers in the house mouse (Mus musculus castaneus) in
Taiwan. Zoolog. Sci. 19, 475-483. 

Zamudio, K. R. and Wieczorek, A. M. (2007). Fine-scale spatial genetic structure and
dispersal among spotted salamander (Ambystoma maculatum) breeding
populations. Mol. Ecol. 16, 257-274. 


	Fig./1. Log-transformed
	Fig./2. Log-transformed
	Fig./3. Log-transformed
	Fig./4. Relationship
	Fig./5. Linearized
	Fig./6. Relationship
	Fig./7. A
	Physiological vagility
	Maximal dispersal distances
	Correlation between physiological vagility and Dmax
	Duration of movement
	Genetic heterogeneity with distance
	Statistics

