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Abstract
Genetic and demographic estimates of dispersal are often thought to be inconsistent. In this
study, we use the damselfly Coenagrion mercuriale (Odonata: Zygoptera) as a model to
evaluate directly the relationship between estimates of dispersal rate measured during
capture–mark–recapture fieldwork with those made from the spatial pattern of genetic
markers in linear and two-dimensional habitats. We estimate the ‘neighbourhood size’ (Nb)
— the product of the mean axial dispersal rate between parent and offspring and the
population density — by a previously described technique, here called the regression
method. Because C. mercuriale is less philopatric than species investigated previously by
the regression method we evaluate a refined estimator that may be more applicable for
relatively mobile species. Results from simulations and empirical data sets reveal that the
new estimator performs better under most situations, except when dispersal is very localized
relative to population density. Analysis of the C. mercuriale data extends previous results
which demonstrated that demographic and genetic estimates of Nb by the regression
method are equivalent to within a factor of two at local scales where genetic estimates are
less affected by habitat heterogeneity, stochastic processes and/or differential selective
regimes. The corollary is that with a little insight into a species’ ecology the pattern of
spatial genetic structure provides quantitative information on dispersal rates and/or
population densities that has real value for conservation management.
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Introduction
Given the conservation, ecological and evolutionary
significance of dispersal (Clobert et al. 2001), much effort
has been directed towards quantifying the migration rates
of various species. For most organisms, measuring dispersal
by direct observation is highly problematic. Consequently,
dispersal capabilities are typically assessed using genetic
(indirect) techniques. Of some concern, however, are
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discrepancies between estimates of migration rates provided by direct ecological observations and indirect
methods (reviewed by Slatkin 1985; Koenig et al. 1996),
leading to the opinion that genetic techniques are generally
uninformative about levels of contemporary gene flow
(Koenig et al. 1996; Bossart & Prowell 1998). Certainly
where ‘numbers of effective migrants’ (Nem) are estimated
from values of FST, this discrepancy is largely due to
violation of the underlying model assumptions, particularly
that of ‘island model’ (Wright 1931) gene flow whereby all
populations exchange equal numbers of migrants (Whitlock
& McCauley 1999). One difficulty with the continued
axiom of ‘ecological-genetic incompatibility’ is that only a
handful of recent studies have made direct comparisons

738 P . C . W A T T S E T A L .
between direct and indirect estimates of migration rates
using newer statistical approaches, and these have produced
contrasting results. For example, Spong & Creel’s (2001)
genetic estimates of dispersal distances were consistent
with nearly 6 years of direct observations and Berry et al.
(2004) obtained reasonably compatible demographic-genetic
estimates of interpatch dispersal. By contrast, other studies
simply highlight the problems associated with establishing
a relationship between direct observations of migration
and their genetic counterparts, often because populations
have poorly defined boundaries or lack substantial genetic
differences (e.g. Adams & Hutchings 2003; Vandewoestijne
& Baguette 2004; Wilson et al. 2004).
Since the dispersal capabilities of most species are
substantially less than their geographical ranges, it is
intuitive that neighbours are genetically more alike than
distantly separated individuals. This contrasts with the
island model and is taken into account by the isolationby-distance (IBD) models of Wright (1943, 1946) and Malécot
(1948). The spatial scale over which IBD develops is
proportional to the scale of gene flow, thus suggesting a
possible framework to estimate a dispersal rate. Indeed,
according to IBD models, one can estimate a ‘neighbourhood size’ (Nb) from the product of the dispersal rate
and population density, or, more formally, the mean axial
dispersal rate (per generation) between parent and
offspring (σ 2) (the mean square parent–offspring distance)
and the effective population density (De), which is actually
a rate of coalescence per unit time and per surface unit (Rousset
1997). In two-dimensions, one generally considers the
Nb to be equal to 4πDeσ2. A convenient approximation is
that a simple measure of genetic differentiation among individuals (or populations) distributed in two-dimensional
space is linearly related to the logarithm of distance (d),
i.e. ≈ ln(d)/(4πDeσ2) + constant. In one-dimensional (linear)
habitats, Nb = 4Deσ2 such that genetic differentiation ≈ d/
(4Deσ2) + constant (Rousset 1997). This method of estimation has been discussed in detail elsewhere (Leblois et al.
2003, 2004; Vekemans & Hardy 2004). In essence, a simple
linear regression of the level of genetic divergence on
spatial separation captures information about the combined effect of gene flow and population density, and
some independent knowledge of either parameter allows
computation of the other. The benefit of this approach is
that it may be applied to continuous and discrete populations (Rousset 1997, 2000).
Several studies demonstrate that the regression method
(and closely related ones) yields a good correspondence
between indirect and direct estimates of Nb (Rousset 1997,
2000; Sumner et al. 2001; Fenster et al. 2003; Winters &
Waser 2003; Broquet et al. 2006). Despite its analytical
simplicity, however, the occurrence of just these few
studies implies that this analytical framework is underexploited for the purpose of estimating a dispersal rate.

Possible reasons for this include: (i) the model assumption
of spatial homogeneity is too restrictive; (ii) failure to
detect significant IBD (e.g. Leblois et al. 2000); or (iii) that
there are still too few simultaneous genetic–demographic
assessments of dispersal rates across a variety of taxa
using the regression method for it to gain broad acceptance. With respect to the latter it is notable that thorough
genetic–demographic comparisons are lacking for insect
species (and invertebrates in general) where making
accurate estimates of dispersal parameters and population
densities can be problematic (Rousset 2004).
Odonates (dragonflies and damselflies) are relatively
large and active insects and thus amenable to field-based
studies. Coenagrion mercuriale (Charpentier) (Odonata:
Zygoptera) has emerged as a particularly good model to
examine the relationship between direct observations of
dispersal and the concomitant pattern of spatial genetic
structure in relatively high-density, continuously distributed
populations. For example, its UK distribution is well-known,
with large populations on Beaulieu Heath, the Itchen Valley
(both in southern England) and on the Preseli Hills (southwest
Wales) and several smaller colonies elsewhere (Fig. 1).
From capture–mark–recapture (CMR) fieldwork, it is
evident that most adults move less than 100 m during their

Fig. 1 Approximate distribution of Coenagrion mercuriale throughout the UK and the location of the two study sites — the Lower
Itchen Complex (LIC) and Beaulieu Heath. Expanded sections
display a more precise distribution of C. mercuriale throughout
each study site. Grey dashed line at Beaulieu Heath indicates the
Beaulieu Heath ‘continuous’ area (see Materials and methods for
further details).
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lifetimes, although infrequent dispersal over 1 km has
been recorded (Hunger & Röske 2001; Purse et al. 2003;
Watts et al. 2004a). Accordingly, in the absence of
landscape features that restrict movement, IBD genetic
structure develops within large (a few kilometres) habitat
patches (Watts et al. 2004a, 2006).
There are some potential problems in applying the
regression method to the C. mercuriale data. First, high
mutation has a stronger effect on the accuracy of the method
in linear habitats than in two-dimensional ones (Rousset
1997) and this may affect an analysis of riparian systems.
Second, the performance of the regression method has been
evaluated previously in cases of restricted dispersal that
were appropriate for organisms whose dispersal capabilities
cover only a few territories (e.g. references in Leblois et al.
2004). The â estimator of genetic divergence (Rousset’s 2000)
used in these studies was found by Vekemans & Hardy
(2004) to suffer from higher sampling variance than certain
measures of ‘kinship’; it thus may have a low efficiency for
detecting IBD and be poorly suited to analyse dispersal
rates in less philopatric species. Accordingly, it appears
prudent to evaluate the performance of â under higher
dispersal rates and consider an alternative test statistic.
Statistics that give a higher weight to rare alleles are often
better at uncovering IBD but can suffer from bias and thus
do not obviously lead to good estimators of Nb, as found
for Ritland’s (1996) estimator by Vekemans and Hardy.
However, following a meta-analysis of several data sets, it
has been proposed that the statistic of Loiselle et al. (1995),
which does not give higher weight to rare alleles
(explicitly, at least), outperforms â. An estimator of Nb that
would accordingly not suffer asymptotic bias has been
derived from this statistic (Hardy & Vekemans 1999;
Vekemans & Hardy 2004) but its performance in estimation
is unknown.
In this study, we (i) use C. mercuriale as a model to
present a ‘worked-example’ of the quantitative relationship
between ecological observations of dispersal rate and
spatial genetic structure in one- and two-dimensional
habitats, (ii) reconsider the statistic of Loiselle et al. (1995)
and derive from it a genetic divergence measure ê that
is analogous to the â of Rousset (2000), and (iii) evaluate
the performance of this new estimator relative to â with
regard to more mobile taxa.
We find that the new test statistic ê suffers from asymptotic
bias (which may outweigh its lower variance under certain
circumstances), but it nevertheless performs better than
â for high values of the dispersal rate σ and the upper
bound of 95% confidence intervals generated by the ABC
bootstrap method are significantly improved over those
obtained by the same method but using â. This allows for
accurate analysis of dispersal by C. mercuriale, with close
agreement between estimates of dispersal rate derived
using genetic techniques and fieldwork.
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Materials and methods
Description of study sites and field work
Combined genetic–demographic estimates of Coenagrion
mercuriale dispersal rates were made at Beaulieu Heath
(50°47.8′N, 01°29.9′W) and the Itchen Valley (50°57.0′N,
01°20.4′W) (Fig. 1). Beaulieu Heath, isolated from other C.
mercuriale colonies by more than 4 km of heathland, is a
two-dimensional (4.6 × 3.7 km) matrix of seven central
(but connected) and four peripheral (and isolated) patches
(Fig. 1). At the Itchen Valley, this species inhabits several
sites along a 10-km stretch of the River Itchen (Watts et al.
2004a). An analysis of Nb was possible only at one area —
the Lower Itchen Complex (LIC) — because fieldwork was
not permitted elsewhere. Nevertheless, the LIC is the
largest, continuous area of C. mercuriale habitat in this area
and is separate from other sites in its vicinity (Watts et al.
2004a). The LIC is 2.8 km long and although it attains a
maximum width of 629 m is mostly only a few tens of
metres wide, so a one-dimensional model of spatial genetic
structure is appropriate. For convenience during sampling,
the LIC was divided into five areas (Fig. 1) but these do not
represent discrete populations.
Adult C. mercuriale emerge from May until the end of
July, with the peak flight season during June (Purse &
Thompson 2003). We undertook CMR for 5 weeks from 12
June 2001 (LIC) and between 11 June and 14 July 2002
(Beaulieu Heath). Adults were searched for every day
(09:30–16:00) except during poor weather when they are
not active (Banks & Thompson 1985). All unmarked,
mature damselflies were caught and marked using the
methods described by Watts et al. (2004a). When marked
animals were observed, their numbers were read using
close-focusing binoculars or they were recaptured if there
was any doubt as to their number. The position of every
encounter was recorded using a differential global
positioning system.

Estimation of demographic parameters
Adult lifespan. After emergence, immature adults spend
up to 8 days maturing (Purse & Thompson 2003) and are
less likely to be observed. Immature individuals were not
manipulated in any case because they are susceptible to
damage. Adult lifespan was estimated from the mean
duration between all first and last encounters and thus
represents the mature period. Note that these estimates are
provided just for ‘ecological context’ as the calculations of
Nb do not depend upon the time interval used (days in this
study) but only require that the dispersal rates and rates
of coalescence derived from the population densities
are measured on the same timescale (see Rousset 1999 for
further details).
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Adult density. Male C. mercuriale are encountered more
often than females (Watts et al. 2004a); however, genetic
and demographic data indicate a 1:1 sex ratio (Corbet 1999;
Purse & Thompson 2003; Rouquette & Thompson 2006).
The bias towards encountering males reflects differential
behaviour, with females only visiting breeding sites when
ready to mate while the males, by contrast, are almost
always active. Consequently, our CMR data will underestimate
female abundance. To overcome this, we used male data to
estimate daily population sizes, calculated using a full
Jolly–Seber model (Jolly 1965; Seber 1973), which were
then doubled to account for the more cryptic females. The
numbers of damselflies present outside our sampling (and
for days when no CMR was undertaken) were estimated
from a logistic growth (or decline) trend based on the available
increasing (or declining) daily population estimates and
zero adults on the first (or last) date that C. mercuriale were
sighted in England (6 May and 25 September, D.K. Jenkins
personal communication). The censuses at Beaulieu Heath
on 23 June, 4 July and 6 July were substantially lower than
expected given the overall variation in population size
during the breeding season (Fig. 2b), probably because poor
weather reduced capture efficiency. Therefore, these censuses
were replaced with expected population estimates calculated
from the trend in logistic growth or decline. Dividing the
sum of all daily censuses by the average lifespan (days)
provided a total population estimate (N) that was converted

to a density (D) using the site length or area (m or m2)
calculated using arcgis version 8.3 (ESRI Inc., Redlands, CA).
Effective population densities (De) were calculated as
(Ne/N) × D, where Ne is the effective population size and N
the adult census. Variance in reproductive success (VRS)
among C. mercuriale will reduce Ne below N (Frankham
et al. 2002). To estimate Ne, we employed a Monte Carlo
method to determine the VRS of each sex, assuming that
reproductive success is directly proportional to lifetime
mating success (LMS). Briefly, using Purse & Thompson’s
(2005) data on the LMS of 77 female and 116 male C.
mercuriale, the range 0–1 was allocated to individuals in
proportion to their calculated LMS. A random number
between 0 and 1 was drawn, and the individual whose
range contained the random number was then allocated an
offspring; this was repeated 193 times (giving a mean
number of offspring per individual of 2) and the variance
in offspring production then calculated. The procedure
was repeated 10 000 times and the average variance calculated. An approximate Ne for each site was calculated using
Ne ≈ 8N/(Vkf + Vkm + 4), where Vkf and Vkm are the VRS for
females and males, respectively (Falconer & Mackay 1996).
Dispersal rate. The 2-year aquatic larval period of C. mercuriale
(during which they pass through several instars) makes it
difficult to estimate a genetic dispersal rate (the distance
between a gene and its parent in the preceding generation)
using CMR. However, for reasons mentioned in the
Discussion, larvae are unlikely to disperse far. Thus, a
potential dispersal rate was calculated from the distances
moved by adults (our CMR encompassed the entire mature
period of most damselflies). The daily average-squared
dispersal rate (σ2) is equal to 0.5 * [Σ(dX)2/Σ dT], where dX
is the distance moved by an individual from its release
point dT days ago (see Sumner et al. 2001 for details), which
was then scaled by the estimated average mature adult
lifespan.

Genetic analysis
Genotyping. DNA extraction and genotyping methods
are described by Watts et al. (2004a,b,c). Briefly, genomic
DNA was extracted from a tibia for 18–52 damselflies per
sample area and every individual was genotyped at 14
unlinked microsatellite loci (see Appendix). Loss of a leg has
no measurable effect upon fitness in damselflies (Fincke
& Hadrys 2001) and we observed no significant effect of
sampling upon recapture rate (D.J. Thompson unpublished).
Fig. 2 Variation (± SE) in the estimated daily number of adult male
Coenagrion mercuriale present at (a) the Lower Itchen Complex
(LIC) and (b) Beaulieu Heath. Open circles and solid lines represent data calculated from a logistic growth function that was based
on CMR data (solid circles).

Data analysis. Every sample (Fig. 1) and the entire data set
for each site was tested for departure from expected
Hardy–Weinberg equilibrium conditions (HWE) using the
permutation test (5000 permutations) in fstat version 2.9.3
(Goudet 1995). IBD genetic structure was examined
© 2006 The Authors
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by regression of genetic differentiation among pairs of
individuals (or populations) against the distances (or lndistances in two dimensions) separating them. The measures
of genetic differentiation used are estimators of the
parameters that obey the theoretical results of Rousset
(1997): a multilocus estimator of FST/(1 − FST) between discrete
populations, its analogue â among pairs of individuals
in a continuum (Rousset 2000) or, as explained in the Introduction, another estimator ê (described below). Individualbased regressions (â and ê) were calculated at (i) the LIC,
(ii) Beaulieu Heath and also (iii) at Beaulieu Heath but
excluding individuals from two sites, Rou and Hat,
where neither immigration nor emigration was observed
(data not shown). This Beaulieu Heath ‘continuous’ population (see Fig. 1) thus encompasses a single demographic
unit (at least during one breeding season). We also treated
the semi-isolated patches at Beaulieu Heath as ‘discrete’
populations and regressed FST/(1 − FST) against distance to
contrast the individual- and population-based estimates of
Nb. Finally, as the relationship between genetic differentiation
and geographical distance is not linear at small scales
(Rousset 1997), we repeated all regressions above but
excluding pairs of individuals separated by distances less
than the demographic estimate of σ (see Table 3). Regressions
were made using an upgraded version of genepop 3.4
(Raymond & Rousset 1995) with 95% confidence intervals
(CI) about the slopes generated using a nonparametric
ABC bootstrap procedure (DiCiccio & Efron 1996; Leblois
et al. 2003).
To provide some ‘conservation’ perspective to the quantitative information on dispersal rates that may be derived
from genetic-based estimates of Nb in combination with
demographic data (i.e. an estimate of population density or

dispersal rate), the mean axial parent–offspring distance
(σ) was calculated from the genetic estimate of 4Deσ2 or
4πDeσ2 using the estimate of De generated using CMR data;
correspondingly, population densities were obtained from
the same product using the value of σ2 provided by the
demographic study.

New estimator of the slope, ê
Here, we derive a new estimator from the statistic of
Loiselle et al. (1995) that is equivalent for testing purposes
(and very close for estimation) to the one previously derived
by Vekemans & Hardy (2004), but our derivation makes it
easier to predict some of its properties. For a pair of individuals
i and j, the statistic of Loiselle et al. (1995) can be written
F=

∑(Yki − dk )(Ykj − dk )
k

∑ dk (1 − dk )

−

1
2n − 2

k

where Yki is the kth allele frequency in individual i, dk is the
kth allele frequency in the total sample, n is the sample size,
and the sums are over all alleles in the sample (Hardy
2003). If we ignore terms that are constant with respect to i
and j and thus do not affect the estimation of the slope, then
the statistic of Loiselle et al. (1995) can be written

F=

∑ YkiYkj − dk (Yki + Ykj )
k

∑ dk (1 − dk )

+ constant

k

=

Qij − (Qi. + Q j. )

∑ dk (1 − dk )

+ constant

k

Table 1 Summary statistics for regression analyses of estimates of genetic differentiation against spatial separation for pairs of individuals
(â or ê) or populations (FST/(1 − FST)) of the damselfly Coenagrion mercuriale from the Lower Itchen Complex (LIC) and Beaulieu Heath, UK:
all, regression analysis that includes all pairs of individuals; truncated, regression analysis that excludes pairs of individuals within the
direct estimate of σ (see Table 2)

Site

Comparison

Lower Itchen Complex (LIC)

All
Truncated

Beaulieu Heath

All

Truncated
Beaulieu Heath ‘Continuous’
(i.e. excluding rou & hat)

All
Truncated

Estimato
r

Intercept

Slope

P

â
ê
â
ê
FST/1 − FST
â
ê
â
ê
â
ê
â
ê

– 5.54 × 10−2
– 5.52 × 10−3
– 5.57 × 10−2
– 3.89 × 10−3
– 1.10 × 10−2
– 1.57 × 10−2
– 1.56 × 10−2
– 2.52 × 10−2
– 1.27 × 10−2
– 1.53 × 10−2
– 8.91 × 10−3
– 3.58 × 10−2
− 1.12 × 10−2

4.12 × 10−6
5.58 × 10−6
3.90 × 10−6
4.49 × 10−6
2.54 × 10−3
2.59 × 10−3
2.19 × 10−3
3.86 × 10−3
1.79 × 10−3
2.38 × 10−3
1.33 × 10−3
5.24 × 10−3
1.65 × 10−3

0.081
< 0.001
0.081
< 0.001
0.047
0.085
< 0.001
0.085
< 0.001
0.045
< 0.001
0.046
< 0.001

P, probability of obtaining a greater correlation than that observed under the null hypothesis (one tailed).
© 2006 The Authors
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where Qij is the observed identity between individuals i
and j, and Qi. (resp. Q j. ) is the observed average identity
between individual i (resp. j) and all individuals in the
sample. To turn it into an estimator of the slope, Vekemans
& Hardy (2004) divide it by an approximate estimator of
(1 − Qw )/∑ k dk (1 − dk ) where 1 − Qw is the expected
frequency of heterozygotes in the sample. We can
directly compute
´≡

Qij − (Qi. − Q j. )
1 − Qw

where 1 − Qw is the observed frequency of homozygotes,
and the slope from the regression of ê with (logarithm of)
geographical distance should have essentially the same
properties as the slope estimator of Hardy & Vekemans.
Accordingly, for six simulated data sets, the ê slopes were
found to differ only by ≈ 1/(2n) from the slopes derived
from the statistic of Loiselle et al. (1995) using spagedi
(Hardy & Vekemans 2002), where n is the sample size.
Here the main effect of the term Qi. + Q j. is to decrease
the genetic similarity measure ê when the pair of individuals harbours alleles that tend to be common in the total
population, thereby giving more weight to rare alleles in
the measurement of genetic similarity. This is expected
to reduce the variance of such estimators, though possibly introduce some bias. By comparison, the estimator
of Rousset (2000) infers the slope from the variation of
Qij /(1 − Qw ) with distance. This differs from ê only by the
Qi. + Q j. term in the numerator. As 1/Nb is the slope
of Qij /(1 − Qw ) , Qij /(1 − Qw ) provides an asymptotically
unbiased estimator of Nb. By contrast, the Qi. + Q j. term
in ê should introduce a bias. For example, individuals at
opposite edges of the sampled area are on average more
distant in space from random individuals in the sample than
are individuals taken in the centre of the sampled range,
and thus pairs i, j involving the most distant individuals
should tend to have lower Qi. + Q j. and thus appear more
similar than implied by the unbiased estimator. In other
words, the divergence between the most distant individuals
should be underestimated, thereby lowering the slope estimate,
and the more so the stronger the spatial patterns. However,
for reasonably sized samples such a bias may be compensated
for by a lower variance and simulations will be used to compare
the overall performance of the two estimators for Nb estimation. They will confirm that ê-based estimates of the
slope tend to be downward biased (i.e. Nb overestimated)
but that they have lower mean square error (MSE) unless dispersal is very localized (methods of calculating the relative
bias and the MSE are detailed in Leblois et al. 2003, 2004).

Data simulations
Our initial aim was to check that the ê-based estimator was
better (in some respects) in the context of the LIC data, so

the first simulations closely matched this context. Then
dispersal was varied to check our understanding of this
estimator performance as predicted above. In particular,
lower dispersal values were considered to also allow
comparison with previous simulation studies of the
â estimator. Similar considerations guided the twodimensional simulations, except that we did not try to
match closely the more complex distribution of samples
in that case. Finally, the effect of immigration from an
external source was simulated to address concerns about
the behaviour of the estimators in that case. A detailed
description of the sample-generating simulation program
can be found in Leblois et al. (2003, 2004). The main
differences in this study are the range of σ2 values
considered and a test of the effect of additional longdistance immigrants. First, we used a family of dispersal
distributions obtained as mixtures of convolutions of
stepping-stone steps as a convenient way to model discrete
distributions with various forms (Chesson & Lee 2005). As
detailed in that study, the Sichel mixture is described
by three parameters, ξ, ω and γ. We used the long-tailed
variant of this family, which is obtained in the limit case
ω→0, ξ→∞ with ωξ→κ. The two parameters γ and κ then
describe a family of distributions which are Gaussianlooking at short distances but have tails proportional to
r−2γ−1 for distance r. The values of γ and ê were chosen so
as to achieve given σ and kurtosis for the unbounded
dispersal distribution. Second, immigration from a large
distant source brings unrelated genes, analogous to the
effect of mutation. Hence, 1% and 0.1% immigration rates
of individuals from a distant source were simulated by
assuming mutation rates of 1% and 0.1%. In other cases, the
mutation rate was set as described below.
A linear array of 3500 demes of four diploid individuals
was simulated — each deme thus representing about 1 m of
the LIC habitat. Under conditions of (i) relatively high
dispersal (σ = 25 & 130 lattice steps), 240 individuals were
sampled at a density of one individual every 11 demes
(which matches with the density of sampling in the LIC),
while (ii) for more limited dispersal (σ = 5) 100 individuals
were sampled at a rate of one individual from every deme.
Previous simulations (Leblois et al. 2003) have shown that
genetic diversity is a major determinant of the performance of estimation, so the mutation rate (µ) was chosen
to achieve levels of diversity similar to those found in the
LIC (heterozygote frequency = 0.57). For σ = 130, we thus
chose µ = 4 × 10 −5 and retained this value in further
simulations, except in some cases where it resulted in too
high diversity (see Table 3).
In two dimensions, a 500 × 500 lattice with absorbing
boundaries was simulated, comparable to the sampling
density of the simulated linear habitat, with independent
dispersal in each dimension. We considered the cases: (i)
σ = 5, with four diploid individuals per deme and 225
© 2006 The Authors
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individuals sampled on a 15 × 15 grid over a 43 × 43
surface, one individual being sampled every three steps in
each dimension; (ii) same but with one diploid individual
per lattice node; and (iii) same as (ii) but with σ = 3 and (4)
σ = 2, with one individual per deme and 100 individuals
sampled on a 10 × 10 surface. With higher dispersal,
efficient estimation of Nb becomes difficult.

Results
Demographic parameters
Adult lifespan. These two CMR studies, the largest
undertaken so far for any odonate, involved thousands of
marked/recaptured damselflies — 10 259/4158 and 6783/
1747 at Beaulieu Heath and the LIC, respectively. Low
recapture rates are typical for CMR studies of odonates
(Corbet 1999) and likely reflect the short mature adult
lifespan. Some individuals were observed over a period
of several weeks following marking, but the average
duration (± SE) between first and last captures was 5.11
(± 0.10) days at the LIC and 5.93 (± 0.07) days at Beaulieu
Heath.
Adult density. At both sites, the number of individuals on
any day during the peak flight period was considerable,

attaining a maximum of 5000 – 6000 males (Fig. 2a, b). Overall,
the respective population estimates at the LIC and
Beaulieu Heath are (approximately) 37 868 and 39 913
damselflies. From the proportion of marked individuals
(data not shown), the isolated Rou and Hat sites comprise
about 19% of the total population at Beaulieu Heath. Adult
densities at LIC, Beaulieu Heath and the Beaulieu Heath
‘continuous’ populations are estimated at 13.18 individuals
m−1, 4.45 × 10−3 individuals m−2 and 8.82 × 10−3 individuals
m−2. Estimated VRS of 7.4 (female) and 13.5 (male) provide
a Ne/N ratio of 0.32 and the scaled De’s in Table 2.
Dispersal rate. A similar pattern and scale of movement
was evident at both sites, with Coenagrion mercuriale not
dispersing freely throughout either habitat matrix. Just
over 75% of adults moved less than 100 m, while 95% of
adults were found within 300 m of their initial mark site
(cumulative distance moved over all recaptures) (Fig. 3a, b).
Mean (cumulative) lifetime distance moved (± SE) was
89.88 (± 3.78) m at the LIC and 87.33 (± 2.20) m on Beaulieu
Heath. The respective estimates of daily mean axial
dispersal rate (σ2) at LIC, Beaulieu Heath and the Beaulieu
Heath ‘continuous’ populations of 3214.90 m2, 2335.16 m2
and 2768.78 m2 provide corresponding demographic Nb
estimates of 277 894 individuals m−1, 249 individuals and
555 individuals (Table 2).

Table 2 Comparison of demographic-(CMR) and genetic-(microsatellite) based methods of estimating neighbourhood size (Nb = 4Deσ2 or
4πDeσ2 for one- or two-dimensional habitats, respectively), dispersal distance (σ) and effective population density (De) in the damselfly
Coenagrion mercuriale from the Lower Itchen Complex (Itchen Valley) and on Beaulieu Heath (New Forest), UK
1-D (one-dimensional)
2-D (two-dimensional)
Lower Itchen Complex (LIC)
Direct estimate
Indirect estimate
Indirect estimate1
Beaulieu Heath (all sites)
Direct estimate
Indirect estimate

Indirect estimate1

Estimator

Nb
(individuals)

95% CI of Nb
(individuals)

σ
(m)

De (ind*m–1)
(ind*m−2)

â
ê
â
ê

277 894
242 816
179 058
256 498
222 666

66 015–8
76 949–392 866
51 324–8
88 966–546 245

128.11
119.75
102.87
123.08
114.72

4.23
3.70
2.73
3.91
3.39

93–8
143–8
196–1827
86–8
242–2348

117.72
147.88
146.55
159.30
120.04
176.06

1.43 × 10−3
2.26 × 10−3
2.22 × 10−3
2.62 × 10−3
1.49 × 10−3
3.19 × 10−3

178–8
319–3162
75–8
177–17 097

125.06
108.69
141.33
73.23
126.79

3.00 × 10−3
2.14 × 10−3
3.83 × 10−3
9.71 × 10−4
3.08 × 10−3

FST/(1 − FST)
â
ê
â
ê

249
393
386
456
259
557

Beaulieu Heath ‘continuous’ sites (i.e. excluding rou & hat)
Direct estimate
555
Indirect estimate
â
421
ê
753
Indirect estimate1
â
191
ê
606

estimate made using only pairs of individuals separated by distances greater than the direct estimate of σ (i.e. truncated
regression).

1Indirect
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Fig. 3 Frequency of cumulative lifetime movement of adult
Coenagrion mercuriale in 25-m distance categories for (a) the Lower
Itchen Complex (LIC) and (b) Beaulieu Heath, both to the same
scale. n, number of recaptured individuals; *highlights infrequent
(n = 1 or 2) movement events.

Pattern of genetic differentiation
We genotyped 240 and 489 individuals at the LIC and
Beaulieu Heath, respectively; sample sizes and basic indices
of genetic diversity are given in the Appendix. All but
five (two at LIC, three at Beaulieu Heath) of the 224 locussample combinations met (P > 0.05) expected HWE conditions
after a sequential Bonferroni correction (Rice 1989) applied
for k = 14 loci per sample (Appendix). Global tests
for HWE (all samples within a site combined) revealed
significant (P < 0.05, k = 14) excesses of homozygotes at
LIST4-023 & LIST4-060 at the LIC and at LIST4-066 at
Beaulieu Heath. Overall, the signal of departure from
random mating within samples and sites is minimal and all
loci were retained for the regression analyses.
The considerable variability in the observed relationship
between pairwise genetic differentiation and spatial
separation (Fig. 4a–c) is a general feature of mutationdrift models. Nonetheless, positive regression slopes
were produced for all analyses (Table 1, Fig. 4a–c), with a
contrast between gradients based on ê that were all
significantly different (P < 0.05) from the null slope and
those generated using â, which were at best ‘weakly’ significant (P ≈ 0.045, Beaulieu Heath ‘continuous’). Full
details of all analyses are provided (Tables 1 and 2) but
in the following section we concentrate on the results
for the new estimator ê.
Regression of ê against geographical distance for all
pairs of individuals in the LIC gave a slope of 5.58 × 10−6
that is equivalent to Nb = 179 058 individuals m−1 (Tables 1
and 2). On Beaulieu Heath and Beaulieu Heath ‘continuous’,

gradients of 2.19 × 10 −3 and 1.33 × 10 −3 provide Nb
estimates of 456 and 753 individuals (Tables 1 and 2).
Truncated regressions generated comparable estimates of
Nb: LIC = 222 666 individuals m−1, Beaulieu Heath = 557
individuals and Beaulieu Heath ‘continuous’ = 606
individuals. A population-based regression at Beaulieu
Heath provided an Nb estimate of 393 individuals, which
is comparable to that based on individual genetic differences
(Table 1). With one exception (Beaulieu Heath ‘continuous’),
regressions of ê on geographical distance provided
equivalent (to within a factor of two) estimates of Nb
compared with those made using demographic (CMR)
data, albeit with a slightly smaller Nb in the (one-dimensional)
LIC and an increased Nb at (two-dimensional) Beaulieu
Heath. All 95% CIs of the genetic estimates of Nb based on
ê enclosed the corresponding demographic estimate of
Nb, but the ABC bootstrap procedure failed to provide a
finite upper CI to slopes based on â or FST (Tables 1 and 2).
Because of the close agreement between the genetic and
demographic estimates of Nb, a calculation of effective
dispersal rate (σ) that combines the indirect estimate of Nb
and the demographic estimate of (effective) density is
comparable to that made solely using demographic
data. Likewise, values for De estimated using demographic
estimates of dispersal and genetically derived Nb are similar
to those based on fieldwork (Table 2).

Performance of new estimator
The main result is that the estimators of Nb are generally
biased upwards (i.e. slope estimates are biased downwards)
(Table 3); an obvious explanation for this is that mutation
reduces differentiation. Theoretical predictions of the
magnitude of the bias due to mutation may not be useful
in practice because they require an estimate of mutation
rate and σ, but they serve to understand the simulation
results; thus, the performance of estimation of Nb corrected
for the effect of mutation is also presented in the two cases
with largest bias (Table 3). Although some approximations
are available to predict the bias (Rousset 1997) they do not
accurately take into account high mutation rates and edge
effects, hence the expected slope was approximated by
simulation of 40 000 independent loci.
From a comparison of these results in a linear habitat, it
appears that the â-based estimator of Rousset (2000)
usually has lower bias than the ê-based one, although this
discrepancy tends to diminish with increasing dispersal
rate. However, the relative root MSEs for both estimators
are similar when dispersal is most limited but not for the
case of σ = 130 where the relative MSE is substantially
greater for â than ê. Generally, in two-dimensional
space the relative root MSEs are greater for â than ê,
particularly for a higher dispersal rate (Table 3). The
accuracy of the upper bound of the CI for Nb follows the same
© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

Nb

Slope (1/Nb)

γ

σ

ê

Kurtosis

One-dimensional space (linear habitat)
− 5.13
206.25
5
1
− 2.15

57.52
1437.52

µ

H

D

n

4 × 10−5

0.378

4

100 (1)

5

20

4 × 10−5

0.396

4

100 (1)

25

20

4 × 10−5

0.608

4

240 (11)

4 × 10−5

0.645

4

240 (11)

10−3

0.883

4

240 (11)

10−2

0.897

4

240 (11)

4 × 10−5

0.810

1

100 (1)

5 × 10−7

0.369

1

100 (1)

5 × 10−7

0.352

1

225 (3)

10−3

0.873

1

225 (3)

10−2

0.883

1

225 (3)

5 × 10−7

0.344

1

225 (3)

4 × 10−5

0.895

4

225 (3)

5 × 10−7

0.615

4

225 (3)

Performance relative to slope from 40 000 loci
38 870.02

130

20

Performance relative to slope from 40 000 loci

Simulated effect of migration
Two-dimensional space
− 2.15
9.22

20.72

2

3

20

20

Simulated effect of migration

57.52

5

20

Relative
bias

Relative
ROOT MSE

CI too high

CI too low

Estimate
<0

CI
contains 0

â
ê
â
ê
â
ê
â
ê
â
ê
â
ê
â
ê
â
ê

− 0.071
− 0.262
− 0.064
− 0.247
− 0.246
− 0.352
0.038
− 0.108
− 0.112
− 0.241
0.022
− 0.127
− 0.218
− 0.318
− 0.635
− 0.649

0.333
0.350
0.309
0.343
0.300
0.377
0.239
0.217
0.922
0.429
1.053
0.428
0.528
0.368
0.790
0.665

0.115
0.260
0.090
0.265
0.375
0.585
0.055
0.180
0.055
0.205
0.035
0.135
0.115
0.405
0.400
0.930

0.025
0.005
0.015
0.000
0.000
0.000
0.060
0.000
0.035
0.005
0.035
0.015
0.020
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000

0.015
0.000
0.015
0.000
0.000
0.000

0.200
0.000

0.820
0.125

0.025
0.000
0.250
0.000

0.610
0.000
0.805
0.145

â
ê
â
ê
â
ê
â
ê
â
ê
â
ê
â
ê
â
ê

− 0.100
− 0.271
− 0.093
− 0.259
− 0.044
− 0.130
− 0.077
− 0.208
− 0.343
− 0.411
− 0.020
− 0.096
− 0.102
− 0.123
0.033
− 0.044

0.237
0.302
0.543
0.398
0.701
0.340
0.219
0.238
0.390
0.419
1.839
0.640
1.787
0.597
3.623
1.121

0.095
0.640
0.080
0.275
0.030
0.160
0.075
0.465
0.465
0.970
0.060
0.110
0.035
0.035
0.050
0.080

0.010
0.000
0.025
0.010
0.035
0.020
0.025
0.000
0.000
0.000
0.060
0.025
0.050
0.025
0.030
0.030

0.000
0.000
0.025
0.000
0.090
0.000
0.000
0.000
0.000
0.000
0.260
0.025
0.290
0.045
0.370
0.210

0.005
0.000
0.515
0.075
0.645
0.060
0.010
0.000
0.055
0.000
0.900
0.435
0.900
0.675
0.935
0.825

γ & ê, parameters describing dispersal distribution; σ, dispersal rate; µ, mutation rate; H, heterozygote frequency; D, density; n, number of individuals sampled (in parentheses: sampling
rate of individuals on lattice, see Methods); MSE, mean square error; CI, 95% confidence interval of slope. Note that ideally, for 95% CI’s the frequency of CI too low or too high should
both be 0.025.
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Table 3 Relative performance of two estimators of genetic differentiation (â and ê) to detect IBD under different rates of dispersal
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Fig. 4 Linear regression between the
geographical distance separating pairs
of individual Coenagrion mercuriale in (a) the
Lower Itchen Complex (LIC) and (b)
Beaulieu Heath and the corresponding
estimate of pairwise genetic differentiation
(ê). Also shown is (c) the relationship
between spatial separation and level of
pairwise genetic differentiation (defined by
FST/[1 – FST]) among pairs of samples at
Beaulieu Heath. Note that distances at the
two-dimensional habitat, Beaulieu Heath,
are provided as ln-metres.

trend (‘CI too low’, Table 3) while â provides consistently
more accurate lower bounds trend (‘CI too high’).
With immigration from a large distance source, estimation
of the local dispersal rate degrades (i.e. increased negative
relative bias, Table 3). In the cases presented here, with a
0.01 immigration rate the average slope is only one-third of
the value expected from the local component of dispersal
in the linear case, and ∼60% of this expected value in
two dimensions. In contrast to â, the new estimator ê still
retains a high power (> 0.85) to detect IBD (i.e. null slope is

not included in CI) and MSE can actually be improved by
such immigration through its effect on gene diversity.

Discussion
The view that spatial genetic structure does not reflect the
pattern of contemporary gene flow is commonly put
forward, largely because of a putative confounding effect
of historical patterns of gene flow. Certainly this is true for
many populations separated by large distances where
© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd
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ecological movement is probably irrelevant. In this study,
an assessment of two extensive simultaneous demographic–
genetic data sets demonstrates that the pattern of spatial
genetic structure provides an estimate of Nb (Rousset 1997)
that is equivalent (within a factor of two or better) to that
obtained from ecological observations (Table 2). This level
of accuracy is consistent with that observed by previous
studies using the regression method (cited in the Introduction)
and is expected from simulation studies (Leblois et al. 2003).
Given that many studies have failed to find this correlation,
why are the results from this method compatible?

Comparison between direct and indirect estimates of
dispersal rate
Correspondence between direct and indirect estimates of
dispersal rates relies upon a minimal impact of a number
of possible confounding factors. For example, handling
may invoke increased movement away from the site of
disturbance. Potentially more problematic, however, is the
measurement of total (cumulative) dispersal by mature
adults and not that of genes (see Methods). Numerous
species travel over long distances but return to distinct
areas to reproduce. Moreover, immigrants may experience
low reproductive success, for example because of a cost to
dispersal or from poor adaptation to local conditions (Marr
et al. 2002; Hansson et al. 2004). Thus, direct observations
of dispersal can overestimate the movement of genes.
While these factors do not appear to be significant in this
study (cf. Table 2), an explicit investigation into the contrast between breeding and foraging movements or the
reproductive cost of dispersal has not been undertaken for
any odonate.
Generally, field studies are expected to negatively bias
estimates of dispersal rates because of movement during
unsampled life-history stages (Mallet 1986; Wilson et al.
2004), infrequent, long-distance dispersal (Slatkin 1985)
and/or spatially restricted sampling (Koenig et al. 1996;
Hanski 2003; Schneider 2003). There is the prospect for prereproductive movement during the 2 years larval stage or
as an immature adult. Larval drift is a feature of many
freshwater invertebrates (Elliott 2003) but considered
unlikely for Coenagrion mercuriale larvae that inhabit
shallow, slow flowing watercourses and are thigmotactic.
Similarly, while immature adult dispersal has been
observed in some damselflies (Banks & Thompson 1985;
Corbet 1999), this behaviour has not been documented
during our fieldwork. Finally, our adult dispersal distributions are unlikely to be appreciably truncated because
both sites are surrounded by large areas of inhospitable
habitat, and these and other studies have documented that
C. mercuriale do not disperse more than 2 km even though
the study areas (and suitable habitat) extend farther
(Hunger & Röske 2001; Purse et al. 2003).
© 2006 The Authors
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The effective population sizes of most natural populations
are typically less than the adult censuses, through some
combination of demographic fluctuations, VRS or uneven
sex ratio (Falconer & Mackay 1996; Frankham et al. 2002).
Genetic, behavioural and demographic data (Corbet 1999;
Purse & Thompson 2003; Rouquette & Thompson 2006)
indicate that the latter has little or no effect in lowering the
Ne of C. mercuriale, and accordingly, we estimated Ne from
the expected effect of VRS only. However, over many generations the sizes of C. mercuriale populations are likely to vary,
like those of other insects (Hanski 2003; Gardarsson et al.
2004). With relevant ecological data (which do not exist for
C. mercuriale) to take this into consideration, the Ne/N ratio
would be reduced further, possibly to the extent that the
demographic estimates of Nb would fall below the lower
95% CI of the indirect estimates of Nb. Accepting our
genetic estimates of Nb to be relatively unbiased implies
that a single Ne/N ratio which incorporates demographic
fluctuations as well as factors operating every year (VRS,
sex ratio or age structure) may not be very informative.
With this in mind, it is also relevant that there is a better
correspondence at the LIC and Beaulieu Heath ‘continuous’
sites compared with Beaulieu Heath. This may reflect an
effect of scale (i.e. more localized sampling) whereby
habitat continuity, higher dispersal rates and/or more
routine gene flow increases the rate of approach to genetic
equilibrium conditions (Slatkin 1993; Hardy & Vekemans
1999; Rousset 2006), hence the agreement between ecological and genetic dispersal estimates. Overall, the good
correspondence between genetic and demographic
estimates of Nb suggests a minimal impact of the various
factors discussed above.
It has often been assumed that a small rate of longdistance immigration, easily missed by demographic
studies, would have a disproportionate effect on genetic
patterns and would explain discrepancies between genetic
and demographic estimates. On the contrary, the regression
method is based on genetic patterns which are robust to
such immigration, and consequently, good matches between
demographics analyses of local dispersal and local genetic
differentiation are expected. This correspondence is expected
to degrade as the long-distance immigration rate increases,
in a predictable way (see Rousset 1997 and p. 42 of Rousset
2004 for predictions in terms of µ, σ, and distance between
samples). We presented some simulations for illustration,
where the effect on the regression method would be
moderate when individuals have less than a 0.1% probability of being long-distance immigrants missed by the
demographic study (Table 3).

Performance of estimators
In a linear habitat, the â-based estimator has lower bias
than the ê-based one, and when dispersal is limited, the
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MSEs of both estimators are similar. For short-distance
sampling, mutation has little effect (i.e. modest bias). Thus,
when the effect of mutation is taken into account, we see
that (i) the bias of â-based estimates is largely removed
but the lower bound of their CIs tends to be too high,
as previously noted by Leblois et al. (2003), and (ii) a
bias remains for ê-based estimates and their CIs are
correspondingly inaccurate. However, at larger scales
(σ = 130) the issue of bias become less important than the
MSE, and consequently, the slope estimates of the â-based
estimator are often negative and the CI more frequently
includes a null slope than the ê-based estimator, which is
consistent with the putative higher testing power of the
statistic of Loiselle et al. (1995). Overall, we may expect ê to
be superior when the spatial pattern is weak (as a result of
large σ relative to distances among individuals) while â
appears superior given the opposite. In two dimensions,
the trends are similar but the effects of mutation are less
apparent, partly because it is easier to sample as many
individuals within a smaller maximum distance compared
with linear space. That the ê bias is smaller in two
dimensions for identical σ-value is expected since the
expected pattern of IBD is weaker in two dimensions (see
predictions of bias of the estimator in the Methods).
Overall, ê had lower MSE than â and appears to be the
statistic of choice except where dispersal is restricted
(σ = 2). Accordingly, a rough rule of thumb would be to
perform the ê-based analysis in all cases, and if it yields
low estimates (Nb < 10 000 in one dimension, < 50 in two
dimensions), to perform the â-based one in order to obtain
better point estimates. Since â consistently provides more
accurate lower bounds for the CI, in most cases one should
derive the Nb lower bound from the â-based analysis and
the upper bound from the ê-based one.
The regression method based on the ê statistic shares
properties of its previous implementation based on the â
statistic. In particular, accurate estimates of Nb may be
obtained with a leptokurtic pattern of dispersal (Fig. 2a-c)
which is expected given the weak assumptions made by
the demographic model about the distribution of dispersal
distances (Rousset 1997, 2000; Leblois et al. 2003).
However, ê alleviates limitation of the â-based estimator in
estimating spatial patterns in relatively mobile species
(‘mobility’ refers to the number of territories moved rather
than distance per se). Although the simulation study is
limited, its results are consistent with the predictions of
bias and also with differences in power suggested by the
analysis of several data sets (Vekemans & Hardy 2004). For
C. mercuriale, we find the new estimator ê to be superior at
detecting genetic structure than â where high variance
likely explains the failure of ABC bootstrap to provide a
finite upper CI (Table 3). Likewise, for an invasive cane
toad population, Leblois et al. (2000) reported a large (90 to
infinity) CI for Nb. Reanalysis of these data using ê yields

the point estimate 232 with CI 125–1205 (the Mantel test
remains nonsignificant, one-tailed P = 0.124).
Moreover, the ê-based analysis should be relatively
independent from many past demographic events much
as the â-based one (Table 7 in Leblois et al. 2004). Both
methods assume genetic equilibrium, a condition that is
approached more rapidly at local scales (Slatkin 1993;
Hardy & Vekemans 1999; Rousset 2006), and it is important to limit sampling to within about 10–50 times σ
(Rousset 2000; Vekemans & Hardy 2004) or less if mutation
rates are particularly high (Rousset 1997): an appropriate
scale of analysis for C. mercuriale thus lies between 1.3 km
and 6.5 km. In addition, although the relationship between
genetic differentiation and distance is not linear at
distances less than the demographic estimate of σ (Rousset
1997) we note that this bias (as computed from expected
patterns of genetic structure) associated with incorporating
all data is weak and accordingly the truncated regression
generally differs little from the full data analysis (Table 3,
see also Rousset 2000; Sumner et al. 2001).
Finally, it is worth noting that the statistical power of the
population-based analysis is weaker than one based on
genetic differences among individuals, although both
methods yielded similar point estimates of Nb. Relatively
poor statistical power may account for an apparent absence
of IBD in species where CMR indicates that dispersal is
spatially restricted (Castric & Bernatchez 2004).

Conservation implications
A large effort has been directed to the conservation of
C. mercuriale populations in the UK. We have shown that
C. mercuriale do not disperse freely throughout a habitat
matrix of several kilometres, thereby emphasizing the
importance of maintaining habitat continuity even at local
scales to prevent population fragmentation and accumulation
of genetic differences and loss of diversity that this species is apparently prone to (Watts et al. 2005, 2006). More
significant, is that we are able to reconcile demographic
estimates of dispersal with the contemporary pattern of
spatial genetic structure and provide some guide to the
appropriate test statistics for both high and low dispersal
species. Moreover, failure to detect IBD implies an inadequate
spatial scale of sampling that is informative itself, for example
by providing evidence for abundant long-distance dispersal
(with respect to the analysis). Thus the regression method
has a real conservation value by quantifying an ecologically relevant dispersal rate that can be integrated into
management plans.

Summary
The regression-based approach to quantifying dispersal
benefits from being analytically straightforward, robust to
© 2006 The Authors
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deviations from the model assumptions and applicable
to discrete populations as well as individuals within
a continuum. Accordingly, we find that using an appropriate estimator, demographic and genetic estimates of
‘neighbourhood size’ are equivalent to within a factor of
two at local scales. In order to increase the overall precision
in estimating a dispersal rate, we presented a new statistic
ê and examined its performance relative to a previously
derived test statistic â. Empirical data and computer
simulations reveal trends that are consistent with theoretical
expectations; that is, ê is better test statistic and a better
estimator under many situations, but the previously used
statistic â remains appropriate when dispersal is localized
relative to population density.
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Appendix
Basic measures of genetic diversity across 14 microsatellite loci in 16 samples of Coenagrion mercuriale from the Lower Itchen Complex (LIC)
and Beaulieu Heath, Hampshire, UK. n, sample size; HE, expected heterozygosity; AR, allelic richness (based on 17 individuals)
LIC

Locus n
4–002
4–023
4–024
4–030
4–031
4–034
4–035
4–037
4–042
4–060
4–062
4–063
4–066
4–067

HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR
HE
AR

Beaulieu Heath

WEH

Alm

Ivt

Ivm

Ivb

Rou

Hat

Dem

Twb

Upc

Gre

Loc

PhC

PhB

PhA

Bag

48

48

48

48

48

47

48

48

50

48

49

52

34

18

47

48

0.361
2.00
0.520
4.00
0.512
2.92
0.462
2.00
0.538
3.00
0.486
2.00
0.823
11.65
0.344
2.96
0.257
2.00
0.636
3.00
0.667
3.00
0.501
4.93
0.649
6.00
0.778
10.93

0.277
2.00
0.429
3.99
0.456
2.00
0.485
2.00
0.467
3.00
0.564
3.00
0.763
7.93
0.255
2.00
0.321
2.00
0.612†
3.00
0.650
3.00
0.370
3.91
0.611
6.91
0.736
5.92

0.491
2.00
0.707
3.93
0.504
2.58
0.497
2.00
0.487‡
2.74
0.375
2.00
0.836
9.15
0.375
2.73
0.514
2.35
0.494
2.00
0.518
3.00
0.568
4.24
0.492
6.06
0.798
9.13

0.491
2.00
0.686
3.89
0.625
3.00
0.496
2.00
0.517
2.56
0.471
2.00
0.864
9.97
0.347
2.70
0.499
2.00
0.486
2.00
0.542
2.98
0.534
3.77
0.482
4.92
0.791
9.42

0.506 0.510 0.504 0.499
2.00
2.00
2.00
2.00
0.662 0.699 0.703 0.614
3.00
3.94
4.62
3.73
0.593 0.611 0.630 0.502
2.99
3.94
4.01
2.00
0.503 0.474 0.504 0.400
2.00
2.00
2.00
2.89
0.365 0.595 0.571 0.623
2.99
3.00
2.99
3.00
0.504 0.515 0.495 0.557
2.00
2.00
2.00
3.97
0.845 0.900 0.851 0.699
10.02 11.78
9.34
4.54
0.473 0.451 0.385 0.500
2.99
2.94
2.00
2.00
0.494 0.513 0.506 0.504
2.00
2.00
2.00
3.30
0.601 0.510 0.541 0.798
3.00
3.00
2.97
9.94
0.525 0.559 0.509 0.546
3.00
3.00
2.95
3.21
0.581 0.368 0.525 0.510
4.83
2.94
3.22
2.37
0.570 0.302 0.627 0.514
5.06
3.94
5.94
6.65
0.805 0.828 0.835 0.836
11.01 10.72 11.48 10.35

0.290
2.00
0.567
4.00
0.526
3.00
0.491
2.00
0.550
3.00
0.500
2.00
0.785
6.91
0.373
2.00
0.325
2.00
0.582†
3.00
0.683
3.00
0.498
6.67
0.555
5.94
0.664
6.91

0.154 0.270 0.488
2.00
2.00
2.00
0.573 0.375 0.682
4.96
3.99
3.84
0.456 0.497 0.538
2.92
2.00
3.74
0.400 0.470 0.500
2.00
2.00
2.00
0.592 0.564 0.548
3.99
3.92
2.96
0.526 0.513 0.504
2.00
2.00
2.00
0.752 0.840 0.823
5.92
7.99 10.06
0.229 0.312 0.300
2.00
3.00
2.95
0.284 0.368 0.502‡
2.00
2.00
2.00
0.612 0.656 0.531
3.00
3.00
2.96
0.625 0.612 0.600
3.00
3.00
3.00
0.377 0.540 0.541
3.92
4.94
3.11
0.602 0.589 0.461
5.92
6.92
4.45
0.771 0.737 0.791
8.81 10.62
9.26

0.499
0.475 0.506 0.504
2.00
2.00
2.00
2.00
0.682
0.713 0.698 0.670
3.75
4.41
4.17
3.00
0.514
0.621 0.573 0.650
2.75
3.00
2.97
3.93
0.505
0.449 0.504 0.504
2.00
2.67
2.00
2.00
0.505
0.485 0.522 0.483
2.98
2.67
2.82
2.93
0.488
0.483 0.432 0.418
2.00
2.00
2.00
2.00
0.864
0.874 0.829 0.816
9.57
9.90
9.43
9.08
0.410
0.356 0.330 0.353
2.75
2.00
2.89
2.59
0.503
0.498 0.503 0.472
2.00
2.00
2.00
2.00
0.569† 0.579 0.546 0.522
2.96
3.67
2.99
2.59
0.591
0.496 0.583 0.460
3.00
3.00
3.00
2.96
0.512
0.472 0.469 0.580
2.77
3.43
2.77
4.28
0.547
0.494 0.531 0.337
4.11
4.89
4.76
5.38
0.861
0.819 0.856 0.851
10.39
10.83 10.32 10.42

†indicates significant (P < 0.05, k = 14) excess of homozygotes.
‡ indicates significant (P < 0.05, k = 14) excess of heterozygotes.
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