Evolutionary Applications

ORIGINAL ARTICLE

Evolutionary Applications ISSN 1752-4571

A case of isolation by distance and short-term temporal
stability of population structure in brown trout
(Salmo trutta) within the River Dart, southwest England

Andrew M. Griffiths," Itsuro Koizumi,? Dylan Bright3 and Jamie R. Stevens'

1 Hatherly Laboratories, School of Biosciences, University of Exeter, Devon, UK
2 Division of Environmental Science Development, Graduate School of Environmental Science, Hokkaido University, Hokkaido, Japan

3 Westcountry Rivers Trust, Callington, UK

Keywords

genetic differentiation, member-vagrant
hypothesis, metapopulation model,
microsatellite, population genetics.

Correspondence

Jamie R. Stevens, Hatherly Laboratories,
School of Biosciences, University of Exeter,
Prince of Wales Road, Exeter, Devon EX4 4PS,
UK.

Tel.: 01392 263775; fax: 01392 263700;
e-mail: j.r.stevens@ex.ac.uk

Received: 16 December 2008
Accepted: 9 June 2009
First published online: 16 July 2009

doi:10.1111/.1752-4571.2009.00092..x

Introduction

Abstract

Salmonid fishes exhibit high levels of population differentiation. In particular,
the brown trout (Salmo trutta L.) demonstrates complex within river drainage
genetic structure. Increasingly, these patterns can be related to the underlying
evolutionary models, of which three scenarios (member-vagrant hypothesis,
metapopulation model and panmixia) facilitate testable predictions for investi-
gations into population structure. We analysed 1225 trout collected from the
River Dart, a 75 km long river located in southwest England. Specimens were
collected from 22 sample sites across three consecutive summers (2001-2003)
and genetic variation was examined at nine microsatellite loci. A hierarchical
analysis of molecular variance revealed that negligible genetic variation was
attributed among temporal samples. The highest levels of differentiation
occurred among samples isolated above barriers to fish movement, and once
these samples were removed, a significant effect of isolation-by-distance was
observed. These results suggest that, at least in the short-term, ecological events
are more important in shaping the population structure of Dart trout than sto-
chastic extinction events, and certainly do not contradict the expectations of a
member-vagrant hypothesis. Furthermore, individual-level spatial autocorrela-
tion analyses support previous recommendations for the preservation of a
number of spawning sites spaced throughout the tributary system to conserve
the high levels of genetic variation identified in salmonid species.

ecosystem management, which identifies genetic variation
as one of the three levels of biodiversity recommended

The discovery of microsatellites, and other hypervariable
genetic markers, has enabled the study of genetic differen-
tiation and population subdivision at small scales (e.g.
Reisch and Kellermeier 2007), even down to the level of
the individual (e.g. Carlsson and Carlsson 2002; Peakall
et al. 2003; Pemberton et al. 2007). The information gath-
ered can have important implications for conservation
work intended to preserve genetic variation. The signifi-
cance of this objective increased following the World
Summit on Sustainable Development and the publication
of the framework for action on biodiversity and
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for conservation (WEHAB 2002). Information on the
scale over which genetic differentiation occurs also has
important implications for the management of natural
resources and the potential for local adaptation.

Studies into freshwater salmonid fishes have revealed
that genetic differentiation can occur over very short dis-
tances within river catchments. This can be associated with
physical barriers to movement, which can isolate popula-
tions that then differentiate by genetic drift (Hindar et al.
1991). In addition, differentiation has also been noted
where salmonids exist without such barriers, including
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Genetic structure of Dartmoor brown trout

populations of the many anadromous species that could
potentially be linked by gene flow (Stahl 1987; Small et al.
1998; Beacham et al. 2000; Primmer et al. 2006). As such,
these species represent an interesting case for studying pro-
cesses of population differentiation. Specifically, the pro-
pensity towards population subdivision appears linked to
two key factors: (a) the well-known ability of salmonids to
home back to specific natal rivers (Stabell 1984) and (b)
the patchy distribution of spawning areas within rivers
(Neville et al. 2006) that may act to restrict gene flow
among fish in different areas of a river (although other pro-
cesses e.g. extinction-recolonization dynamics have also
been described; Ostergaard et al. 2003).

Amongst salmonid species, the brown trout (Salmo tru-
tta) is typified by having a particularly complex within
catchment genetic structure, with high levels of genetic
differentiation and an apparent lack of correlation
between genetic and geographic distance (Bouza et al.
1999; Crozier and Ferguson 1986; Ferguson 1989; Moran
et al. 1995; Ruzzante et al. 2001; Ryman 1983; but also
see Carlsson and Nilsson 2000; Estoup et al. 1998).
Recently there has been an increasing emphasis placed on
understanding the deeper biological significance of this
complex population structure and there is a need to
understand the underlying evolutionary models that may
explain the observed patterns of genetic differentiation,
which also have important implications for the ecology of
brown trout, as well as the conservation of genetic diver-
sity and management of the species. However, brown
trout are under pressure from habitat destruction, pollu-
tion, over-exploitation and stocking with non-native fish,
i.e. local factors that may erode the high levels of genetic
variation observed and cause the extinction of unique
varieties and loss of unique traits (Ferguson 1989).

Although the River Dart is no exception to the pres-
sures that threaten the persistence of brown trout at a
local scale, it does drain a National Park and so benefits
from a relatively high level of statutory protection. Regu-
lar electrofishing surveys undertaken by the Environment
Agency (EA; the national regulatory body in England and
Wales) suggest that numbers of brown trout within the
River Dart are significant and stable, although there has
been a negative trend since records began in the 1960s
(Steele 1996; EA 2001). Changes in land use have led to
habitat degradation in the headwaters, although a major
threat facing trout in the River Dart arises from both
human mediated and natural acidification. The low pH
values which characterize the River Dart, combined with
the fact that brown trout may spawn in small rivers (Elli-
ott 1994), may make Dart trout more susceptible to cata-
strophic events. In turn, this may lead to localized
extinctions and recolonizations, with important implica-
tions for patterns of genetic differentiation among groups
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of brown trout (Hansen and Mensberg 1996; Ostergaard
et al. 2003). Alternatively, the naturally low pH of rivers
on Dartmoor may actually have promoted the tolerance
of high acidity in indigenous populations of trout, gener-
ating the potential for local adaptation (Taylor 1991).

The purpose of this study was to investigate the popu-
lation genetic structure of brown trout at the scale of a
single river catchment and to reconcile the potential for
environmental instability to cause localized extinction
events (e.g. Ostergaard et al. 2003; Koizumi et al. 2006;
Neville et al. 2006) with the apparently stable trout num-
bers present in the River Dart. Garant et al. (2000) have
previously proposed three scenarios that form an appro-
priate framework for addressing this question. Under the
member-vagrant model, nursery areas play a vital role in
determining population structure and selection favours
individuals that return to their natal spawning grounds to
reproduce, which maximizes survival of the young and
promotes the development of locally adapted gene pools.
Thus, fish that complete this process of homing are con-
sidered ‘members’, contributing to local adaptation and
those that do not return to natal areas are known as
‘vagrants’ (Iles and Sinclair 1982; Garant et al. 2000). This
model predicts temporal stability of population structure,
a significant effect of isolation-by-distance and strong
genetic differentiation among populations. Under the sec-
ond model, the metapopulation model, the degree of
genetic structuring depends on the temporal stability
of habitats, so in an unstable environment the occurrence
of locally adapted gene pools can be curtailed because of
local extinctions (and subsequent recolonizations,
reviewed in Beebee and Rowe 2004; McQuinn 1997;
Rieman and Dunham 2000). The key features of this
model are that local populations (or subpopulations) are
interconnected not only by migration but also recoloniza-
tion and empty/unoccupied patches have an important
role in metapopulaton dynamics. This model predicts
that there would be lower levels of temporal stability in
population structure, no significant effect of isolation-by-
distance and lower genetic divergence between subpopula-
tions (but still statistically significant because of founder
effects, Garant et al. 2000; McQuinn 1997; Rieman and
Dunham 2000). The third scenario is panmixia, where
gene flow is unrestricted across the catchment and sug-
gests the absence of genetic differentiation, such that
neither of the previous two models applies. Elucidation of
the evolutionary model appropriate to Dart trout offers
the potential not only to aid local management and con-
servation, but also to begin to address the relative scarcity
of population genetics research completed on salmonids
in England and Wales.

The present study examined the variability at nine
microsatellite loci in brown trout sampled from the River
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Dart over a 3-year period, with the specific aim of ascer-
taining the pattern of genetic differentiation within a river
system that is particularly vulnerable to severe pH depres-
sions. The results from this analysis, which included
application of the decomposed pairwise regression (DPR)
method that allowed the relative strengths of genetic drift
and gene flow to be accessed in each sample, were then
used to consider which evolutionary model (member-
vagrant, metapopulation or panmixia) best fitted the data.
In addition, spatial autocorrelation was also employed to
determine the geographic scale over which genetic differ-
entiation occurred in Dart trout: the conservation impli-
cations of these results are discussed.

Methods

The study area

The River Dart catchment is located in Devon, southwest
England (Fig. 1). It is approximately 75 km long, covers
an area of 475 km® and flows into the English Channel
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through the Dart Estuary and into Start Bay. The river
rises on Dartmoor National Park, an upland granite mass
that reaches over 600 m high. The catchment is a typical
moorland system, characterized by high rainfall and a
peaty, acidic soil. The area represents the largest unglaci-
ated expanse of upland in Great Britain and the largest
granite surface in England. There are no real aquifers on
Dartmoor and water is primarily stored in wetlands and
bogs. The river is formed from two main tributaries, the
East and West Dart. The upper reaches support small-
scale livestock farming, which becomes more intensive
and incorporates arable farming once it flows off the
moor.

The catchment supports a locally important stock of
resident and anadromous trout (see rod-catch data
below), with all the tributaries and several stretches of the
main river containing excellent spawning and nursery
areas. In particular, many of the headwaters provide valu-
able spawning grounds, not only for brown trout, but
also Atlantic salmon (Salmo salar L.). The river also sup-
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Figure 1 Map of the River Dart. Grey dots indicate sampling sites, which are accompanied by abbreviated sample names that match those in
Table 1. Significant barriers to fish movement are indicated by double lines perpendicular to the river.
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ports a rod/game fishery, as well as a limited commercial
estuary (seine) net fishery. Catches of sea trout in 2002,
the year this study began, were 712 for rod catches and
727 for net catches (EA 2002).

Formal records of brown trout stocking in the UK were
first collected by the national river boards during the
1950s and show that in the period up to 2005, 145 212
individual ova, fry or smolt were stocked into the River
Dart. These comprised 65 separate stocking events at a
minimum of 18 discrete locations within the river. The
largest single stocking incident was of 96 000 eyed ova
into the headwaters of the East Dart in 1961 (this single
event accounts for the majority of all recorded stocking
on the River Dart). The source of most stocked trout is
thought to be various local hatcheries from southwest
England, but the ultimate origin of hatchery stocks has
been impossible to uncover (Finnegan and Stevens 2005).
In the last decade local fisheries groups have taken to

Table 1. Sample site abbreviations.

Griffiths et al.

stocking the lower reaches of the River Dart with much
smaller numbers (in the hundreds) of hatchery reared
smolt which are typically bred from trout of Dart origin.

Sample collection

A total of 11225 brown trout of multiple year classes, but
predominantly parr and excluding fry (to avoid collecting
siblings; Hansen et al. 1997), were collected by electrofish-
ing from 22 sites spread across 14 tributaries within the
River Dart catchment. Five of these sites were isolated
above barriers; the Gata and the Ash above man-made
weirs and the Rud group of samples above a natural
waterfall (Fig. 1). The average in-water distance among
sample sites was 22.7 km, with a range of 0.8-64.4 km.
Sampling was carried out each summer (July—September),
from 2002 to 2004 (Table 1; Fig. 1). The adipose fin was
removed from each fish and preserved in 98% ethanol,

Abbreviation Latitude Longitude Details Year n

Amm 50°2827"N 3°39:44"\W Amm Brook, Amm house weir 2002 32
Ash 50°31’50”"N 3°4526"W Ashburn, Belford Hill 2002 36
Dury 50°35'06”N 3°5326"W Dury Brook, Dury Farm 2002 33
EDar 50°35’44"N 3°54’49"W East Dart, Postbridge 2002 21
EWebB 50°3521”"N 3°4827"W East Webburn, Bagpark Estate 2003 28
EWebD 50°34’12"N 3°48’40"W East Webburn, Dunstone Bridge 2004 57
EWebV 50°34’32"N 3°4825"W East Webburn, Veton Bridge 2003 49
EWebW 50°35’08"N 3°48'26"W East Webburn, Wooder Manor 2002 25
EWebW 50°35’08"N 3°4826"W East Webburn, Wooder Manor 2003 52
Gata 50°27°08"N 3°37°49"W Gatacombe River 2002 34
Har 50°25’55”N 3°46’54"W Harbourne, Hatcheries Fish Farm 2002 41
Hem 50°27'45"N 3°40’08"W River Hems 2002 40
Hol 50°30"15”N 3°49'47"W Holly Brook 2002 29
LChe 50°33'27"N 3°55"55"W Cherry Brook, Lower Bridge 2002 32
LChe 50°3327"N 3°55’55"W Cherry Brook, Lower Bridge 2003 27
RudB 50°32’55”"N 3°47°46"W Ruddycleave, Bowden Farm 2003 42
RudB 50°32’55”"N 3°47’46"W Ruddycleave, Bowden Farm 2004 54
RudC 50°3239"N 3°48'05"W Ruddycleave, Ruddycleave Cottage 2003 36
RudP 50°33'28"N 3°47"11"W Ruddycleave, Pudsham Down 2002 21
RudP 50°3328"N 3°47"11"W Ruddycleave, Pudsham Down 2003 38
RudP 50°33'28"N 3°47"11"W Ruddycleave, Pudsham Down 2004 39
Swin 50°32’33"N 3°54’36"W River Swincombe, Wydemeet 2002 32
Swin 50°32’33"N 3°54’36"W River Swincombe, Wydemeet 2004 48
UChe 50°34'38"N 3°55’58"W Cherry Brook, Upper Bridge 2003 29
UChe 50°34’38"N 3°55'58"W Cherry Brook, Upper Bridge 2004 41
WDar 50°33’47"N 3°57'53"W West Dart, Cockern Tor 2002 39
WDar 50°33’47"N 3°57’53"W West Dart, Cockern Tor 2003 32
WDar 50°33’47"N 3°5753"W West Dart, Cockern Tor 2004 48
Web 50°31/35”N 3°47°43"W River Webburn, Mistresses Piece 2002 32
WWeb 50°3303"N 3°50’03"W West Webburn, Pondsworthy Bridge 2002 47
WWeb 50°33’03”"N 3°50"03"W West Webburn, Pondsworthy Bridge 2003 32
WWeb 50°33’03”"N 3°50"03"W West Webburn, Pondsworthy Bridge 2004 46
WWebL 50°3426"N 3°5102"W West Webburn, Lower Cator Bridge 2002 33

Location details, year of sample collection and numbers of fish sampled (n). See Fig. 1 for locations.
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after which the fish was released; removal of the adipose
fin provided a permanent mark so the same individuals
were not sampled again in subsequent years.

Microsatellites

DNA was extracted from the fin tissue according to an
ammonium acetate precipitation method, similar to that
described in Bruford et al. (1998). Genetic variation was
determined at nine di-nucleotide microsatellite loci: Strl5,
Str60, Str73 (Estoup etal. 1993), Str85 (Presa and
Guyomard 1996), SsoSL417, SsoSL25 (Slettan et al. 1995),
Strutta58 (Poteaux 1995), SsoSL438 (A. Slettan, unpublished
data, GenBank accession no. Z49134) and SsHaelll.14.20
(J. L. Goodier unpublished, GenBank accession no. U10050).
Genotypes were assayed through polymerase chain reaction
(PCR) and polyacrylamide gel electrophoresis with fluores-
cently labelled primers. PCR reactions were carried out in
10 uL reaction volumes and standard PCR reagents were
used in a mixture containing 10-100 ng DNA, 0.5 um of
each primer, 1-1.5 mm MgCl,, 200 um of each ANTP, 1x
reaction buffer and 0.5 U of Taq DNA polymerase (Bioline,
London, UK). The PCR profile consisted of: a single dena-
turing set lasting 3 min at 94°C, 30 iterations of 94°C for
30 s, annealing temperatures 51°C (Str85), 52°C (Strl5 &
Ss0417), 54°C (Sso25 & Strutta58), 58°C (SsHae), 60°C
(Str 73) or 65°C (Str60) for 30 s and 72°C for 30 s with a
single elongation step of 72°C for 10 min. However, the
Ss0438PCR profile was a stepwise program, with the
annealing stage made up of six iterations at 1° intervals
between 54°C and 48°C. For those loci producing weak
products (SsHae, Strl5 and Str73) 40 iterations were
generally used.

Size determination of the labelled PCR products was
performed using a Beckman-Coulter (Fullerton, Califor-
nia, USA) CEQ8000 automated DNA sequencer with an
internal size standard, according to the manufacturer’s
instructions. The raw data were analysed with the plat-
form’s-associated fragment analysis software (Beckman-
Coulter).

Genetic diversity analysis

ARLEQUIN version 3 (Schneider et al. 2000) was used to
estimate the variance components in allele frequencies
among years (Excoffier et al. 1992) and all samples were
found to exhibit temporal stability (see Results). There-
fore, in subsequent analyses temporal samples from a
location were combined to estimate population allele
frequencies, as recommended by Waples (1989). Each
sample at each locus was tested for conformity to Hardy—
Weinberg equilibrium (HWE; Guo and Thompson 1992)
using GENEPOP 3.4 (Raymond and Rousset 1995) and
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any deviations were further investigated with Microchecker
(Oosterhout et al. 2004). Critical levels of significance for
simultaneous tests were adjusted using the sequential
Bonferroni procedure for multiple tests (Rice 1989). In
addition, Powermarker version 3.25 (Liu and Muse 2005)
was used to calculate expected and observed heterozygos-
ity, and FSTAT version 2.9 (Goudet 2002) was used to
calculate allelic richness (allele number corrected for sam-
ple size using the rarefaction method of El Mousadik and
Petit 1996) and the inbreeding coefficient.

To examine the levels of genetic differentiation between
pairs of samples a test of the homogeneity of allele fre-
quency distributions (the so-called test of ‘genic differen-
tiation’) was run in GENPOP (Raymond and Rousset
1995) and Fgy values were calculated (Weir and Cocker-
ham 1984) in ARLEQUIN. Critical levels of significance
for simultaneous tests were adjusted using the sequential
Bonferroni procedure for multiple tests (Rice 1989). The
chord distance (Dcg, Cavalli-Sforza and Edwards 1967)
was also used to quantify genetic differentiation between
samples. This measure was chosen because the close prox-
imity of samples included in the study means mutation is
unlikely to have contributed to population divergence
and the Dcg distance is based on geometric distances,
which are independent of models of microsatellite muta-
tion (Liu and Muse 2005). It has also been shown to be
one of the most efficient methods for obtaining correct
tree topology using microsatellite data (Takezaki and Nei
1996). Neighbour-joining (NJ) phylograms were con-
structed and confidence intervals on tree topology were
estimated by bootstrap resampling of loci 1000 times uti-
lizing the programs POWERMARKER version 3.23 (Liu and
Muse 2005), Consensk (from Phylip 3.6; Felsenstein
1995) and TREE VIEw version 1.6 (Page 1996).

Decomposed pairwise regression analysis

To detect outlier populations and accurately elucidate
patterns of isolation-by-distance, the DPR (Koizumi et al.
2006) was applied. The DPR can also estimate the relative
strengths of genetic drift and gene flow for each sample,
by decomposing the regression of the pairwise genetic
and geographic distances (Rousset 1997). Briefly, genetic
distance [Fst/(1 — Fsr)] is plotted against geographic dis-
tance for all pairwise comparisons. Outlier analysis then
determines which samples have exceptional characteristics
that may falsely influence the pattern of IBD (e.g. founder
effects, bottlenecks, physical barriers, all of which can
strongly affect the overall pattern). These outlying sam-
ples were determined based on the systematic bias of the
regression residuals (process one, which identifies ‘puta-
tive’ outliers). The outliers were then sequentially
removed from the analysis and the best model was
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selected based on the AIC (Akaike’s information criteria)
value (process two, which identifies ‘true’ outliers); the
smallest values indicate the most plausible model (Burn-
ham and Anderson 2002). Because of the small sample
sizes, the corrected AIC (AIC:) was used.

Finally, after determining the best model and the ‘true’
outliers, the pairwise genetic and geographic distances
were regressed separately for each sample (including the
outlier samples) against the nonoutlier samples, to inves-
tigate the different patterns of geneflow and drift. The
significance of the relationship was assessed by ordinary
least-squares regression.

Spatial autocorrelation analysis

Spatial genetic structure was tested with the software
package GENALEX version 6.1 (Peakall and Smouse 2006
and according to Primmer et al. 2006). A Mantel test of
matrix correspondence was used to examine the associa-
tion between pairwise Fsy values and the in-water
distance between sampling sites by estimating the ry,
measure that is analogous to an autocorrelation coeffi-
cient (Smouse et al. 1986), with 999 permutations used to
test the statistical significance of the values. At the scale
of individual specimens, a multivariate microspatial auto-
correlation approach was also employed (Smouse and
Peakall 1999; Peakall et al. 2003). This test employed the
squared distances measure (PhiPT; Peakall et al. 2003) to
estimate individual genetic distance, and the same in-
water distances between sample sites used in the Mantel
test for distance between individual specimens (with the
exception that all individuals caught from the same
sample site were assigned a distance value of zero). To
assess the extent of nonrandom genetic structure among
individuals (Peakall et al. 2003), a correlogram of the
autocorrelation coefficient (r) was plotted as a function of
distance, specifically five distance classes: 0-5, 6-15,
16-25, 26—45, 46-65 km; a range of alternate distance
classes from 5 to 25 km were also analysed. A multi-
distance class (MDC) analysis was also used to give a
more accurate estimate of the scale over which genetic
structure was detected (Peakall et al. 2003). In this
approach the same classes as above were utilized, except
that multiple analyses were performed with automatically
increasing distance size classes, such that individuals from
more distant classes were added to the previous groups
(Peakall et al. 2003). One thousand bootstrap replicates
were used to ascertain the 95% confidence interval (CI)
of the r estimates, and 999 permutations were used to
resolve the 95% CI about the null hypothesis of no spatial
genetic structure. Significant genetic autocorrelation was
concluded when the CI of r and those of the null hypo-
thesis did not overlap (Peakall et al. 2003).
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Results

Genetic diversity

Pairwise testing of temporal samples revealed only one
case of significant genetic heterogeneity between 2003 and
2004 samples at the RudB site in locus Strutta58
(P < 0.05, corrected across loci; k=9). Furthermore,
quantitative estimates of hierarchical gene diversity across
the whole dataset showed that while a significant amount
of genetic variation (P < 0.00001) was identified both
within samples and among different sample sites (96%
within samples and 4% between sites), a nonsignificant
estimate of 0% variation was attributed to variation
among temporal samples. Therefore, all temporal samples
collected at individual sites were pooled in subsequent
analyses.

Genetic diversity indices for each locus and population
are presented in Table 2. Significant deviations from
HWE (P < 0.05, corrected across loci; k = 9) for pooled
samples were detected in two cases (EDar at SsoSL25 and
EWebW at Str73). Further analysis of these cases with
Microchecker did not reveal any evidence of null alleles
or scoring errors, although the EDar case was associated
with a significantly positive F;; value (Table 2), which
could result from the nonrepresentative sampling of juve-
niles fish (‘family sampling’; Allendorf and Phelps 1981;
Hansen et al. 1997; Wenburg et al. 1998). The mean
number of alleles at a locus, across the whole dataset was
10.7 and ranged from 3 (Str60) to 27 (Str58). The mean
number of alleles per locus within samples had an average
of 6.6 and ranged from 4.4 (RudB) to 8.0 (Har). The alle-
lic richness (the average allele number within samples,
corrected for a minimum sample size of 16 in this case)
was smaller, with an average of 5.5 and ranged between
4.0 (RudB) and 6.6 (Har). The average observed heterozy-
gosity (Hp) across all samples was 0.6 and varied from
0.55 (RudP) to 0.74 (Amm).

Tests for the homogeneity of allele frequency distribu-
tions revealed significant genetic differentiation occurred
between the majority of the 231 pairwise comparisons,
except in nine cases (upper diagonal, Table 3), of which
approximately half involved samples collected from
within the same tributary. Quantification of genetic dif-
ferentiation with Fsr values (lower diagonal, Table 3),
demonstrated a range of 0.00-0.16, with a global Fsr of
0.04. The highest Fsp occurred between samples above
significant barriers to fish movement, whereas the lowest,
and nonsignificant Fgp values, tended to occur between
(but not exclusively between) proximate samples from the
same or neighbouring tributaries.

The NJ Dcg phylogram (Fig. 2) reveals several samples
that have high bootstrap support and relatively long
branch lengths, namely the Rud group of samples and the
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Table 2. Microsatellite diversity indices of the samples collected from 22 sites and results of the Hardy-Weinberg equilibrium test.

Genetic structure of Dartmoor brown trout

Sample Indices SsHae Str15 Str58 Str60 Ss025 Ss0438 Str73 Sso417 Str85 Mean

Amm N 32 32 32 32 32 27 32 32 31
A 10 5 13 2 10 4 4 8 6 6.889
Ar 8.616 4.488 10.919 2 8.32 3.83 3.5 7.632 5.389 6.077
He 0.843 0.695 0.88 0.482 0.812 0.582 0.604 0.829 0.64 0.708
Ho 0.875 0.844 0.969 0.438 0.844 0.593 0.625 0.813 0.677 0.742
Fis 0.294 -0.198 —-0.085 0.109 -0.024 0.001 -0.018 0.036 —-0.041 -0.032
HWE -0.22 0.142 0.112 0.744 0.567 0.761 0.61 0.161 0.96

Ash N 36 33 35 36 36 36 34 35 36
A 9 5 11 2 8 3 5 9 5 5.889
Ar 7.51 4.223 8.22 2 6.494 2.606 4.955 6.997 4.138 5.238
He 0.824 0.671 0.644 0.277 0.766 0.155 0.74 0.782 0.639 0.611
Ho 0.916 0.667 0.657 0.277 0.805 0.111 0.823 0.828 0.722 0.645
Fis -0.098 0.022 —-0.006 0.014 -0.037 0.3 -0.099 —-0.045 -0.116 -0.042
HWE 0.453 0.986 0.708 1 0.858 0.858 0.094 0.363 0.374

Dury N 33 33 33 33 33 33 33 33 32
A 7 5 10 2 8 4 3 9 5 6.222
Ar 5.931 4.608 8.451 2 6.828 3.738 3 6.925 4.827 5.145
He 0.74 0.695 0.817 0.5 00 0.733 0.639 0.633 0.777 0.535 0.674
Ho 0.909 0.757 0.787 0.575 0.727 0.696 0.636 0.727 0.593 0.712
Fis -0.214 -0.075 0.052 -0.136 0.024 -0.074 0.01 0.08 -0.094 —-0.041
HWE 0.31 0.459 0.454 0.489 0.121 0.058 0.987 0.093 0.361

EDar N 21 21 20 21 21 21 16 21 21
A 6 6 11 2 8 4 3 8 6 6
Ar 5.699 5.522 9.963 2 7.233 3.946 3 7.471 5.472 5.59
He 0.732 0.68 0.837 0.495 0.783 0.620 0.646 0.781 0.594 0.685
Ho 0.619 0.666 0.85 0.619 0.619 0.571 0.437 0.857 0.666 0.656
Fis 0.179 0.044 0.011 -0.226 0.233 0.103 0.352 -0.073 —-0.098 —-0.098
HWE 0.144 0.822 0.549 0.384 0.002 0.279 0.065 0.945 0.904

EWebB N 25 26 27 28 28 28 27 28 28
A 7 5 13 2 8 4 4 5 6 6
Ar 6.142 4.942 10.906 2 6.994 3.809 3.592 4.792 5.103 5.364
He 0.712 0.686 0.872 0.492 0.686 0.447 0.59 0.689 0.582 0.639
Ho 0.72 0.692 0.851 0.571 0.821 0.5 0.629 0.821 0.607 0.69
Fis 0.03 0.031 0.061 -0.125 -0.161 -0.082 -0.028 -0.156 —-0.005 —-0.041
HWE 0.969 0.516 0.265 0.705 0.845 0.332 0.965 0.763 0.632

EWebD N 53 56 57 57 57 52 56 57 52
A 8 5 16 2 9 4 5 10 5 7.111
Ar 6.618 4.805 11.322 2 6.829 3.957 3.569 8.182 4.259 5.727
He 0.769 0.687 0.862 0.49 0.683 0.526 0.605 0.805 0.617 0.671
Ho 0.811 0.642 0.877 0.508 0.701 0.634 0.535 0.754 0.634 0.677
Fis -0.036 0.083 0 -0.02 -0.008 -0.187 0.132 0.081 -0.007 0.009
HWE 0.553 0.28 0.1 1 0.769 0.51 0.336 0.237 0.078

EWebV N 48 48 49 48 49 48 48 49 47
A 8 5 17 2 9 4 4 N 6 7.333
Ar 7.165 4.795 12.381 2 6.752 3.838 3.333 8.405 5.521 6.021
He 0.809 0.722 0.875 0.477 0.691 0.457 0.603 0.8 0.612 0.672
Ho 0.75 0.75 0.918 0.479 0.653 0.458 0.667 0.877 0.489 0.671
Fis 0.095 -0.017 -0.028 0.017 0.076 0.02 -0.084 -0.075 0.222 0.023
HWE 0.079 0.476 0.858 1 0.485 0.677 0.209 0.651 0.045

EWebW N 77 77 77 77 77 77 77 77 77
A 7 5 17 2 9 5 4 11 6 7.333
Ar 6.245 4.34 11.712 2 6.496 3.608 3.738 8.059 4.227 5.603
He 0.749 0.688 0.882 0.494 0.668 0.455 0.628 0.77 0.414 0.639
Ho 0.853 0.727 0.868 0.467 0.71 0.447 0.608 0.84 0.446 0.663
Fis -0.125 -0.044 0.029 0.067 -0.05 0.031 0.046 -0.076 -0.06 -0.024
HWE 0.337 0.649 0.115 0.648 0.097 0.27 0.001 0.13 0.142

© 2009 The Authors

Journal compilation ® 2009 Blackwell Publishing Ltd 2 (2009) 537-554 543



Genetic structure of Dartmoor brown trout

Table 2. (Continued)

Griffiths et al.

Sample Indices SsHae Str15 Str58 Str60 Ss025 Ss0438 Str73 Sso417 Str85 Mean

Gata N 34 34 34 34 34 32 32 34 34
A 6 4 7 2 7 3 3 5 4 4.556
Ar 5.925 3.991 6.185 2 6.579 2.5 3 3.94 2.941 4118
He 0.803 0.711 0.805 0.389 0.82 0.494 0.642 0.638 0.517 0.647
Ho 0.823 0.764 0.823 0.411 0.764 0.468 0.656 0.647 0.47 0.647
Fis -0.01 -0.059 -0.008 -0.043 0.083 0.068 -0.006 0.001 0.106 0.014
HWE 0.036 0.76 0.182 1 0.994 0.572 0.485 0.372 0.866

Har N 35 39 39 40 41 39 26 38 37
A 9 6 19 2 11 4 4 10 7 8
AR 7.81 5.649 13.924 2 7.815 3.635 3.615 8.712 6.364 6.614
He 0.843 0.798 0.912 0.488 0.775 0.487 0.633 0.845 0.812 0.733
Ho 0.8 0.794 0.82 0.45 0.658 0.41 0.615 0.868 0.891 0.701
Fis 0.066 0.018 0.114 0.092 0.162 0.171 0.049 -0.014 -0.084 0.057
HWE 0.353 0.552 0.145 0.752 0.351 0.294 0.783 0.394 0.888

Hem N 40 39 31 40 40 40 40 40 40
A 9 5 18 2 11 4 4 9 7 7.667
AR 7.466 4.655 14.027 2 9.235 3.858 3.877 8.033 5.785 6.548
He 0.824 0.751 0.907 0.474 0.858 0.556 0.674 0.825 0.609 0.72
Ho 0.75 0.794 0.935 0.375 0.875 0.575 0.65 0.85 0.6 0.711
Fis 0.103 —-0.045 -0.014 0.222 —-0.006 -0.02 0.048 -0.018 0.028 0.025
HWE 0.281 0.831 0.616 0.185 0.735 0.808 0.371 0.845 0.323

Hol N 26 29 29 29 29 17 24 25 28
A 10 6 13 3 9 4 3 9 6 7
AR 9.109 5.535 10.373 2.552 7.718 3.998 3 8.017 5.806 6.234
He 0.826 0.775 0.848 0.463 0.717 0.624 0.6 0.752 0.718 0.703
Ho 0.807 0.724 0.862 0.482 0.758 0.47 0.541 0.8 0.714 0.684
Fis 0.043 0.083 0.002 -0.025 -0.04 0.275 0.119 -0.042 0.024 0.046
HWE 0.353 0.309 0.191 1 0.898 0.08 0.308 0.588 0.735

LChe N 58 59 57 55 58 58 52 59 57
A 8 5 16 2 9 5 4 10 5 7.111
Ar 6.95 4.555 10.839 2 6.37 4.155 3.846 8.651 4.677 5.783
He 0.789 0.625 0.872 0.495 0.745 0.622 0.629 0.851 0.571 0.689
Ho 0.741 0.627 0.807 0.472 0.793 0.724 0.73 0.949 0.578 0.713
Fis 0.078 0.014 0.093 0.063 -0.047 -0.147 -0.141 —-0.098 0.004 -0.018
HWE 0.403 0.686 0.171 0.787 0.488 0.107 0.719 0.364 0.372

RudB N 90 92 94 96 93 92 90 94 92
A 5 5 8 2 3 3 4 6 4 4.444
Ar 4.508 4.679 7.681 2 2.994 2.744 3.069 5.137 3.615 4.047
He 0.677 0.704 0.828 0.496 0.554 0.426 0.524 0.687 0.555 0.606
Ho 0.722 0.75 0.787 0.479 0.58 0.326 0.422 0.659 0.543 0.585
Fis —-0.055 -0.053 0.061 0.045 -0.037 0.245 0.206 0.052 0.033 0.045
HWE 0.334 0.58 0.434 0.686 0.453 0.014 0.021 0.022 0.927

RudC N 35 36 36 36 36 36 35 34 36
A 6 6 9 2 4 3 4 6 4 4.889
Ar 5.332 5.262 7.957 2 3.693 2.953 3.825 5.839 3.953 4.535
He 0.625 0.576 0.832 0.475 0.569 0.519 0.591 0.781 0.664 0.626
Ho 0.628 0.556 0.972 0.583 0.583 0.472 0.685 0.852 0.778 0.679
Fis 0.025 0.065 -0.14 -0.199 0.003 0.119 -0.131 -0.061 -0.144 -0.056
HWE 0.093 0.172 0.754 0.305 0.1 0.685 0.122 0.578 0.312

RudP N 96 94 94 98 95 92 96 96 95
A 5 5 10 2 3 3 4 8 4 4.889
Ar 4.904 4.67 7.256 2 2.817 2.538 3.852 5.251 3.27 4.062
He 0.706 0.644 0.802 0.462 0.467 0.428 0.595 0.64 0.246 0.554
Ho 0.708 0.595 0.787 0.489 0.505 0.445 0.5 0.645 0.242 0.546
Fis 0.008 0.086 0.03 —-0.049 -0.069 -0.028 0.17 0.003 0.027 0.026
HWE 0.745 0.007 0.106 0.669 0.136 0.768 0.109 0.174 0.097
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Sample Indices ~ SsHae Str15 Str58 Str60 Ss025 Ss0438 Str73 Sso417 Str85 Mean

Swin N 76 80 80 80 80 74 80 80 74
A 9 5 17 2 11 4 5 10 8 7.889
Ar 6.327 4.667 11.744 2 7.182 3.858 3.688 9.061 6.225 6.084
He 0.753 0.707 0.886 0.471 0.786 0.558 0.636 0.849 0.707 0.706
Ho 0.802 0.737 0.912 0.425 0.837 0.621 0.7 0.85 0.783 0.741
Fis —-0.052 -0.03 -0.017 0.111 —-0.052 —-0.099 -0.088 0.012 -0.094 -0.036
HWE 0.292 0.335 0.428 0.352 0.133 0.594 0.217 0.186 0.445

UChe N 68 70 69 68 67 66 68 64 67
A 7 5 15 2 9 5 4 10 7 7111
Ar 6.01 4.86 11.507 2 7.525 3.921 3.417 8.267 5.35 5.837
He 0.773 0.684 0.891 0.492 0.796 0.588 0.659 0.814 0.599 0.699
Ho 0.735 0.657 0.898 0.441 0.716 0.651 0.691 0.796 0.641 0.692
Fis 0.064 0.054 0.007 0.118 0.116 -0.093 -0.033 0.038 —-0.056 0.026
HWE 0.765 0.086 0.244 0.462 0.17 0.592 0.735 0.535 0.865

WDar N 114 112 116 119 118 103 112 118 117
A 8 6 15 2 9 5 5 11 7 7.556
Ar 5.884 4.62 11.142 2 6.042 3.426 3.286 8.167 4.754 5.48
He 0.746 0.695 0.89 0.495 0.755 0.544 0.654 0.829 0.579 0.688
Ho 0.78 0.687 0.922 0.512 0.779 0.514 0.687 0.813 0.572 0.696
Fis -0.036 0.02 -0.027 -0.026 —-0.023 0.065 —0.041 0.027 0.021 -0.004
HWE 0.736 0.271 0.939 0.854 0.427 0.703 0.991 0.279 0.099

Web N 32 32 32 31 32 21 29 28 31
A 10 2 12 2 9 4 4 8 6 6.333
Ar 8.276 4,994 9.874 2 7.129 3.751 3.551 7.341 5.009 5.769
He 0.788 0.758 0.871 0.481 0.68 0.447 0.618 0.785 0.53 0.662
Ho 0.75 0.781 0.875 0.483 0.656 0.285 0.758 0.785 0.516 0.654
Fis 0.064 -0.014 0.011 0.011 0.052 0.383 -0.21 0.017 0.044 0.029
HWE 0.706 0.493 0.474 1 0.029 0.045 0.417 0.1 0.492

WWeb N 122 122 14 125 125 115 120 125 112
A 11 5 18 2 9 4 4 10 7 7.778
Ar 7.546 4.732 11.109 2 6.298 3.875 3.58 8.011 4.844 5.777
He 0.775 0.728 0.88 0.497 0.681 0.544 0.632 0.838 0.595 0.686
Ho 0.778 0.721 0.877 0.44 0.728 0.547 0.633 0.864 0.642 0.692
Fis 0.005 0.019 0.013 0.124 -0.06 0.002 0.007 -0.022 -0.07 —-0.001
HWE 0.276 0.07 0.742 0.221 0.646 0.709 0.191 0.489 0.668

WWebL N 29 24 33 33 33 31 31 31 26
A 8 5 15 2 8 4 3 11 5 6.778
Ar 6.675 4.968 11.846 2 6.531 3.76 3 9.709 4.546 5.893
He 0.763 0.749 0.891 0.477 0.64 0.493 0.608 0.868 0.507 0.666
Ho 0.827 0.75 0.939 0.545 0.515 0.387 0.741 0.87 0.461 0.671
Fis -0.067 0.02 -0.039 -0.127 0.21 0.231 -0.204 0.014 0.11 0.01
HWE 0.176 0.024 0.337 0.711 0.14 0.155 0.406 0.161 0.176

Mean N 1178 1188 1187 1216 1213 1137 1150 1196 1158
A 13 7 27 3 13 6 5 13 10
Ar 6.666 4.798 10.424 2.025 6.54 3.559 3.513 7.39 4.822
He 0.795 0.734 0.902 0.499 0.741 0.533 0.676 0.836 0.6
Ho 0.775 0.705 0.863 0.473 0.707 0.504 0.628 0.802 0.585

n, number of individuals; A, number of alleles; Ag, allelic richness; Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding coeffi-
cient (values in bold differ significantly from zero at the 5% level, although none remained significant after table-wide Bonferroni correction);
HWE, P-value of the Hardy-Weinberg equilibrium test.

Gata and Ash; this relates well to their positions above
significant barriers to fish movement (Fig. 1) that may

gram among groups of samples from the upper west
(Che, WDar, Swin, Dury and EDar), upper east (Web,
EWeb and WWeb) and lower (Amm, Har, Hol and
Hem) areas of the catchment. In addition, there is some

have acted to isolate these samples from the rest of the
catchment. Moderate support is also noted on the phylo-
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Figure 2 Neighbour-joining phylogram based on pairwise Dce distances between samples. Numbers next to branch nodes represent bootstrap
support (%) based on 1000 replicates, only values over 50% are shown. Sample abbreviations match Table 1.

support for proximate groups of samples, especially those
collected within the same tributary, e.g. within the West
and the East Webburn. A principal component analysis
(PCA) was also performed on these data using the default
settings in GENALEX 6 (Peakall and Smouse 2006), the
findings of which support the main conclusions of the
phylogram; the PCA plot in Fig. S1.

Decomposed pairwise regression

Genetic distance was positively correlated with geographic
distance when comparing all pairwise sample combina-
tions, but the correlation was weak and nonsignificant
(P =0.137, *=0.036; Fig. 3). Based on the systematic
bias of the regression residuals (process one) nine puta-
tive outlier samples were detected; RudP, Ash, Gata,
RudB, RudC, Hem, Amm, WDar and UChe. The AIC
values were compared for models with and without puta-
tive outliers (process two) and the best model included
17 samples (indicating RudP, Ash, Gata, RudB and RudC
were true outliers; Table 4). This result is consistent with
a priori predictions as all these samples originated from
sites above significant barriers to fish movement. The
exclusion of these samples strengthened the positive cor-
relation between genetic and geographic distance, which
also become statistically significant (P < 0.001, r* = 0.476;
Fig. 3). Each of the outlier samples was individually
regressed with the nonoutlier samples, which indicated
that the majority of outlier samples were significantly
diverged from adjacent populations but exhibited strong
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Figure 3 Relationship between genetic distance [Fst/(1 — Fs7)] and
geographic distance (km) for all 22 samples (open and closed dia-
monds combined; r,, = 0.191, P=0.137, = 0.036, upper line) and
excluding the five outlier samples (filled diamonds only; r,, = 0.690,
P < 0.001, r* = 0.476, lower line).

and significant correlations between genetic and geo-
graphic distance (Fig. 4). This suggests that despite of a
strong effect of genetic drift acting on the isolated sam-
ples (either through small effective population size or
founder effects or bottleneck) evidence of gene-flow still
remains. The Ash sample was the exception; while signifi-
cantly divergent from the other samples, it showed no
correlation between genetic and geographic distance, sug-
gesting that the effect of genetic drift far outweighs that
of gene flow. The decomposed regressions of the 17
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Table 4. Fit of alternative models with and without the putative outlier samples.

Samples excluded n k r P value AlCc AAICc
RudP, Ash, Gata, RudB, RudC 17 1 0.4768 <0.001 —-108.49 0.00
RudP, Ash, Gata, RudB, RudC, Hem 16 1 0.5281 <0.001 -103.26 5.23
RudP, Ash, Gata, RudB, RudC, Hem, Amm 15 1 0.6292 <0.001 -99.37 9.12
RudP, Ash, Gata, RudB, RudC, Hem, Amm, WDar 14 1 0.6504 <0.001 -94.50 13.98
RudP, Ash, Gata, RudB 18 1 0.1353 0.064 -90.73 17.76
RudP, Ash, Gata, RudB, RudC, Hem, Amm, WDar, UChe 13 1 0.6459 <0.001 -87.68 20.81
RudP, Ash, Gata 19 1 0.0612 0.1099 -86.11 22.38
RudP, Ash 20 1 0.0880 0.066 —-75.52 32.97
RudP 21 1 0.0589 0.076 -72.33 36.16
None 22 1 0.0335 0.142 -68.86 39.63

n refers to the number of samples and k the number of parameters.

020 -
015 + RudP
u'_ 010 k Gata RudB
L
005 17 non
outliers
090 1 1 L 1 L L J

0 10 20 30 40 50 60 70 80
Distance (km)

Figure 4 Decomposed pairwise regression of genetic distance [Fsi/
(1 = Fsp)] and geographic (km) distances for the 22 samples. Each of
the five outlier samples was regressed with the 17 nonoutlier samples,
whilst each of the 15 nonoutliers was regressed with the other 14
samples. Solid and dashed lines represent statistically significant or
nonsignificant regressions respectively.

nonoutlier samples showed similar regression lines with
significant relationships between genetic and geographic
distance, except for the Amm, Hol and Swin (Fig. 4).
This suggests that these samples are close to, or at, equi-
librium between drift and gene flow.

Spatial autocorrelation

Tests of microspatial autocorrelation at the level of the
individual were carried out on samples not isolated above
barriers to fish movement (this included all 17 samples
not identified in the DPR as true outliers). The results
showed that the genetic autocorrelation coefficient (r)
was significantly positive at the 0-5 and 5-15 km size
classes, and intercepted the x-axis at 20 km (Fig. 5A);
results from the analysis of alternative classes produced
broadly similar results, with intercepts ranging from 15 to
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20 km (results not shown). In all size classes above
15 km, r was significantly negative, meaning that proxi-
mal individuals showed greater genetic divergence than
that expected for a random distribution of genotypes,
although in the largest size classes r approached the null
hypothesis of no significant structure. The MDC analysis
with increasing distance size classes revealed that r was
significantly positive for distance classes up to and includ-
ing 25 km (Fig. 5B). The inclusion of specimens sepa-
rated by >45 km meant that significant positive genetic
autocorrelation was no longer observed. The addition of
samples collected above barriers did not radically alter the
results of the spatial autocorrelation (analysis not shown),
except in the correlogram (Fig. 5A), in which case r was
not as strongly negative (r = —0.015 in the 25 km class)
and at the largest distance class the null hypothesis could
not be rejected. However, because of the uncertainties of
applying an individual-based test to samples collected at
specific sample sites (where separation between individu-
als is assumed to be zero), these findings should be inter-
preted with some caution.

Discussion

The purpose of this study was to examine, within-catch-
ment population structure of brown trout in a region that
despite being a focus for salmonid fishing and conserva-
tion, has until now, received relatively little attention. The
results revealed significant differentiation among samples
collected within a single river catchment and, in the case of
the Ruddycleave and Cherry Brook, even between sample
sites within a tributary. These results demonstrate that
Dart trout do not represent a single panmictic population
in which gene flow is unrestricted across the catchment.
The global Fsy across all 22 samples sites was 0.04, with a
range of 0.000-0.160 for pairwise Fst estimates, which
accords with previous work on brown trout employing mi-
crosatellites (e.g. Carlsson et al. 1999, Fgr = 0.00-0.114;
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Figure 5 Spatial autocorrelation analyses with samples isolated above barriers removed. (A) correlogram of the genetic correlation (r) as a func-
tion of distance. (B) The genetic correlation (r) as a function of increasing distance classes. Dotted lines (A) and grey bars (B) indicate the 95%
confidence interval (Cl) about the null hypothesis and error bars about r indicate the 95% ClI.

Jensen et al. 2005, 0.009-0.065; Hansen et al. 2002, 0.010—
0.071; Ostergaard et al. 2003, 0.004-0.154).

Effect of barriers

What is particularly striking from the phylogram (Fig. 2)
and pairwise Fgr estimates (Table 3) is the effect barriers
have on population structure; the largest values all occur
between comparisons involving samples isolated above a
barrier to fish movement. The significant effect of barriers
on population structure has been previously documented
and has been associated with reductions in population

© 2009 The Authors
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size, bottlenecks and genetic drift (Hindar et al. 1991;
Montgomery et al. 2000; Palm et al. 2003; Van Houdt
et al. 2005). Such processes may also have been in opera-
tion in these isolated samples identified within the River
Dart, as the levels of heterozygosity and allelic richness
were also depressed (Couvet 2002). The results of the
DPR analysis also afford some further insight into the
demographic processes occurring within these samples. In
the case of the Ash sample, genetic drift has acted to
obscure any correlation between genetic and geographic
distance between samples; as the barrier to migration on
this tributary is man-made (and therefore not ancient),
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small effective population size and founder effects appear
to be the most likely explanation for the patterns of
genetic divergence observed. In the case of the other
highly diverged and isolated samples (RudC, RudB, RudP
and Gata) a relatively strong correlation between genetic
and geographic distance remains, suggesting that effective
population sizes have not been reduced to the level that
genetic drift is strong enough to obscure the correlation.
Alternatively, some form of gene flow could be occurring,
perhaps associated with barriers being by-passed in high
flows. However, it is interesting to postulate that unidi-
rectional, downstream migration from the isolated areas
could act to partially restore the correlation between
genetic and geographic distance.

The importance of identifying barriers to fish move-
ment has been highlighted for a number of conservation
issues, in particular, the negative effects of genetic drift in
small populations and the isolation of indigenous stocks
from the effects of stocking undertaken below barriers
(Yamamoto et al. 2004; Van Houdt et al. 2005), both
topics that appear to warrant further investigation within
the River Dart.

Population structure and evolutionary models

The phylogram (Fig. 2) shows that genetic structuring
among samples within the catchment is present; moderate
levels of bootstrap support occurred between three groups
of proximate samples from the upper east, upper west
and lower Dart. This association between genetic and
geographic distance is further supported by a significant
effect of isolation-by-distance, as demonstrated by DPR
analysis (Fig. 4). However, a strongly negative genetic
correlation (r) was identified at the 25 and 45 km size
classes used in the spatial autocorrelation on Dart trout
(Fig. 5A), meaning that proximal individuals showed
greater genetic divergence than that expected for a ran-
dom distribution of genotypes. Such a finding may be the
result of a discontinuity in gene flow between trout in
different tributaries or could reflect the fact that some
sampling was completed outside of the spawning season,
and therefore, may include adult specimens of trout that
may have moved away from nursery areas.

The observation of isolation-by-distance at the intra-
catchment level is somewhat at odds with many of previ-
ous studies describing the population structure of brown
trout (Crozier and Ferguson 1986; Ferguson 1989; Moran
et al. 1995; Bouza et al. 1999; Ruzzante et al. 2001),
although, it is not unique (Estoup et al. 1998; Carlsson
and Nilsson 2000). Recent studies of anadromous brown
trout inhabiting relatively small rivers in Denmark and
the Baltic Sea (Laikre et al. 2002; Ostergaard et al. 2003;
Jensen et al. 2005) suggested a population structure con-

550

Griffiths et al.

sisting of a system of highly interconnected, small and
unstable populations where, in accordance with the meta-
population model, there was no significant effect of isola-
tion-by-distance and a lack of temporal stability (even
over the short-term). This pattern was generally linked to
high levels of gene flow and occasional extinction—recol-
onization events caused by environmental instability, e.g.
low summer water levels (Ostergaard et al. 2003). These
results sharply contrast with the population structure
described in this study, where a significant effect of isola-
tion-by-distance (once outliers have been excluded) and
at least short-term temporal stability of population struc-
ture was observed. Therefore, it appears that, despite the
potential for low pH to perturb the environment, the
population structure of brown trout inhabiting the tribu-
taries of the River Dart is determined more by ecological
events and natal homing, than by rare stochastic extinc-
tion events, with migration occurring mostly between
neighbouring groups. The key to reconciling these con-
trasting results among studies appears to be catchment
size, whereby larger population systems appear to be
stable and smaller systems tend to undergo localized
extinction—recolonization events (Hansen etal. 2002;
Ostergaard et al. 2003; Jensen et al. 2005; Neville et al.
2006; Primmer et al. 2006).

Historical and temporal effects

There are some limitations to this study; in particular, the
effects of postglacial recolonization and stocking on pop-
ulation structure of Dart trout still await assessment.
Although, the results of the DPR analysis suggests the
majority of the samples are at, or close to, drift-migration
equilibrium following such perturbation (Fig. 4). In par-
ticular, these processes (especially artificial stocking),
would generally have acted to obscure the strong pattern
of isolation-by-distance identified in this study (Koljonen
et al. 1999; Nielsen et al. 1999), suggesting they are not
the strongest determinants of population structure in this
case. In addition, the temporal samples collected in the
study represent only a subset of sites from across the
catchment and cover a relatively short period: 2002-2004.
Palm et al. (2003) found that the probability of detecting
significant allele frequency differences between temporal
samples taken from the same population, but spaced only
a few years apart, could be small. Indeed, if extinction
events happen infrequently, i.e. over the scale of decades,
then this instability may not become evident in samples
taken only a few years apart (although the strong pattern
of isolation-by-distance identified suggests longer term
temporal stability, at least as long as it takes for drift—
migration equilibrium to be established after perturba-
tion).
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Evolutionary hypotheses

The hypotheses proposed by Garant et al. (2000) provide
a useful framework within which to analyse population
structure; however, they remain quite general and any sit-
uation in which gene flow is limited by geographic dis-
tance may yield similar results. Indeed, work on genetic
population structure of Dolly Varden charr (Salvelinus
malma; Koizumi et al. 2006) yielded analogous results to
the present study, but the authors suggested that a
source-sink metapopulation structure best fitted their
results. In that case, outlier samples were identified in the
absence of barriers to migration, suggesting founder
effects or bottlenecks had occurred; such factors have not
been identified within the current study of the River Dart
(where the results of the DPR actually suggest relatively
stable population structure). Additionally, many of the
predictions of the proposed models are quite simplistic,
e.g. the prediction that that there would be no significant
pattern of isolation by distance in a metapopulation may
not hold true if recolonization and gene flow occurred
predominantly between neighbouring populations (a sce-
nario made more likely by the linear nature of a river).
Another prediction, that the level of genetic structuring
would be expected to be lower under a metapopulation
model, can also be questioned. It has been shown that the
range of Fsr estimates in this study is similar to that used
previously to describe both small temporally unstable
populations (Jensen et al. 2005) and large stable popula-
tions (Hansen et al. 2002). It appears that levels of differ-
entiation, especially Fsp values, may not differ under the
two evolutionary models summarized by Garant et al.
(2000) and are dependant on the complex mechanics of
recolonization (Hedrick 1999; Neville et al. 2006). Indeed,
extinction—recolonization events may act to increase levels
of genetic differentiation (Hansen and Mensberg 1996;
Haag et al. 2005).

Delineating demographic units

Spatial autocorrelation analyses were used to determine
the geographic scale of genetic structuring within the
River Dart. Figure 4B illustrates the tendency for genetic
distance between individuals to decrease with increasing
distance, such that at in-water distances of >45 km gene
flow is minimal. It has also been proposed that the x-axis
intercept of the correlogram (Fig. 5A) be considered as a
minimum distance that can conserve genetic diversity at a
lower cost (Diniz-Filho and De Campos Telles 2002),
resulting in a management unit size of approximately 15—
20 km for the River Dart.

The results from spatial autocorrelation analyses bear
some similarities to work on Atlantic salmon in the Varz-
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uga River in Russia (Primmer et al. 2006), which also
highlighted the importance of conserving multiple spawn-
ing and nursery areas for the long-term preservation of
fish populations. However, most striking difference is the
distance across which gene flow was observed within the
Varzuga; the genetic correlation remained positive at dis-
tances up to 120 km and the x-axis intercept of the corre-
logram occurred at 34 km. This may reflect the larger size
of the Varzuga River (when compared with the River
Dart), and the fact that samples were separated by greater
average in-water distances (Vekemans and Hardy 2004).
Alternatively, it is interesting to hypothesize that the
lower distance over which gene flow occurs in brown
trout may reflect their resident life history, resulting in
more restricted gene flow and greater genetic differentia-
tion (Hansen and Mensberg 1998; Knutsen et al. 2001;
Neville et al. 2006).

Conclusions

Brown trout inhabiting the River Dart demonstrate signif-
icant within-river population differentiation; this differen-
tiation is most significant when associated with barriers
to movement, but otherwise demonstrates a pattern of
isolation-by-distance and at least short-term temporal sta-
bility. These results are taken as evidence that ecological
events are more important in shaping the population
structure of Dart trout than stochastic extinction events,
and certainly do not contradict the expectations of a
member-vagrant evolutionary model of population struc-
ture for Dart trout (Garant et al. 2000). However, the
results of the spatial autocorrelation demonstrate gene
flow does occur between neighbouring samples, suggest-
ing the need to conserve not only different spawning
areas within the basin (particularly in different tributar-
ies), but links between them as well.
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