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Abstract

Samplcs of trout (Sulmo trutta L.) were taken from four rivcrs in the Conwy system, North Walcs:
the Roc and thc Nant-y-goron, which support sea trout stocks, and the Iwrch and Machno which arc
situatcd abovc impassable waterfalls and contain rcsidcnt trout. Tissue samples from the fish wcrc
uscd in clcctrophoretic analysis of enzymes. Fourtccn loci wcre scored of which six wcrc polymorphic
(Pgi-2, Gpd-2, Ldh-5, Mdh-2, Mdh-4 and Ck-2). Allclc frcquency data from these loci wcrc uscd to
tcst intcrpopulation heterogeneity, which indicatcd that the two upstream samples wcrc probably
rcproductively isolated from each othcr and also from the downstream samples. Mean hctcrozygosity
was generally lower in the upstream stocks comparcd with the sea trout populations. UPGMA clustcr
analysis based on Nei's genetic distancc (D) rcvcalcd a clear dichotomy between thosc stocks abovc,
and those below waterfalls. This was bcst cxplained by the presence of two strains of trout in thc
systcm. One strain, the resident trout occurring above impassable waterfalls, was charactcrizcd by
high frequencies of the Ldh-5(100) allclc, thc other strain, principally consisting of sea trout, cxhibitcd
high frequencies of the Lhd-5(YO) allclc.

Keywords : Trout, Salmo trutta, allozymes, genetics, River Conwy.
Génétique des stocks de truite (Salmo trutta L.) de part et d'autre de chutes infranchissables du réseau
hydrographique de la Conwy, Nord Pays de Galles.

Résumé

Des truites (Sulmo trutta L.) ont été 6chantillonnées et prélevées dans 4 rivières d u bassin de la
Conwy (Nord du Pays de Galles) : d'une part la « Roe » et la « Nant-y-goron », qui conticnnent les
stocks de truites marines, et d'autre part la « Iwrch » et la « Machno » qui sont situécs au-dcssus de
chutes infranchissables et contenant des truites résidentes. Des échantillons tissulaires provcnant des
poissons ont été utilisé en vue d'une analysc électrophorétique des enzymes. Quatorzc locus ont été
identifiés dont 6 étaient polymorphes. (Pgi-2, Gpd-2, Ldh-5. Mdh-2, Mdh-4 et Ck-2). Lcs données
relatives aux fréquences des allèles de ccs locus ont été utilisées en vue de tester l'hétérogénéité
entre populations. Celles-ci indiquaient quc les deux populations en amont étaicnt probablement
reproductivement isolées l'une de Sautrc mais également par rapport aux populations situées en aval.
L'hétérozygotie moyenne était généralcmcnt plus faible dans les stocks amonts cn comparaison avec
les populations de truites marincs. L'analyse des groupes UPGMA baséc sur la distance génétique
Nei (D) révèle clairement une dichotomie entre les stocks se situant au-dcssus ct cn dcssous des chutes.
La présence de deux souches de truites dans le bassin est la meilleurc explication. Une souche, les
truites résidentes observées au-dcssus des chutes infranchissables, a été caracterisée par des fréquences
élevées de l'allèle Ldh-5(100), l'autre souche, principalement forméc dc truites marines, a montré une
fréquence élevée de I'alli.1~Ldh-5(90).

Mots-clés :Truite, Salmo trutta, allozymcs, génétique, la rivière Conwy.
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INTRODUCTION
Genetic studies on brown trout (Salmo trutta L.)
based largely on protein elcctrophoresis have highlighted the complcx substructuring of thcir populations into reproductively isolated units or "stocks"
(Ferguson and Fleming, 1983; Crozier and Ferguson,
1986; Ferguson, 1989; Hamilton et al., 1989). The
technique of electrophoresis identifies separate stocks
by revcaling significant diffcrcnccs bctween them in
the frequency of alleles at protein encoding loci
(Allendorf and Utter, 1979).
The homing behaviour characteristic of the salmonid family is thc major factor in the maintenance
of the population structure. Isolation is maintained
between neighbouring and even sympatric stocks
because mature fish seek out their natal Stream in
which to spawn.
Physical barriers such as high waterfalls will also
cause genetic differentiation in trout by imposing
unidirectional gene flow. Downstream movement
across falls will occur occasionally (Frost and Brown,
1967), although sclcction will act strongly against
such bchaviour since downstream migrants cannot
ascend the falls to breed (Jonsson, 1982).
Two forms of Salmo trutta can be distinguishcd on
the basis of their life histories; the anadromous sca
trout and the freshwater resident brown trout. Anadromy is not possible in stocks upstream of physical
barriers. A river may, therefore, support a fully resident population above an impassable waterfall, but
both sea and resident trout populations below it.
The origins of thc gcnctic differcnccs observed
between stocks of trout separated by waterfalls are
thought to pre-date the creation of the falls. Previous
studies have revealed that populations above waterfalls are often fixed for, or have a high frcqucncy of
thc allcle Ldh-5(1OO) (previously Ldh-S(1OS); Ferguson and Fleming, 1983). This allele has also been
recorded in other closely related species like the Atlantic Salmon (Salmo salar), and thus appears to be the
ancestral Salmo allele. However, the commoncr allcle
at this locus in S. trutta is Ldh-S(Y0). It is predominant in most sea trout populations. Unlike the ancestral Ldh-5/100) allele, Ldh-5(90) is unique to
S. trutta and its presence is seen as representing a
more modern form or "strain" of the specics.
The two strains may differ in other respects, the
older strain having slower growth but greater longevity (Fahy and Rudd, 1988). For example, sea trout
stocks along the Welsh Coast, which do contain the
Ldh-5(100) allele, are notcd for producing specimen
fish (Fahy, 1985).
It has been proposed that European rivcrs wcrc
coloniscd by the ancestral trout strain, following the
last ice age. Later, when sea level fcll and waterfalls
were created by isostatic land uplift, the modern strain
invaded the area (Ferguson and Fleming, 1983; Hamilton et al. 1989). Although the modern strain is

thought to be selectively advantageous (Henry and
Fcrguson, 1985; Fahy, 1989), it could not infiltrate
thosc ancicnt stocks which wcrc isolated abovc
impassablc waterfalls.
In this study, we explore genetic differentiation of
trout populations from four rivers in the Conwy
system. Two of the rivcrs, thc Roc and the Nant-ygoron support populations of sca trout and arc not
isolated from each other by any physical barrier.
The two other populations, from the Iwrch and the
Machno, are upstream of the Conwy falls which trout
cannot ascend and arc also isolatcd from each othcr
by furthcr impassablc falls.

MAVI'ERIAI,SAND METHODS
Fifty trout wcrc takcn from a single site on each
river, except the Roe, by pulsed direct current electrofishing during June and July, 1989 (fïg. 1). Twcnty
five fish were collectcd from cach of two sites on the
river Roc (RI and R2). Thc trout were killed with
benzocaine and stored on ice for transport back to
the laboratory. Sample of white muscle, eye, liver,
brain and heart tissue were extracted from thc frcsh
fish and stored frozcn at - 70°C. Electrophoresis was
carricd out on 13% starch gels (Sigma) using either a
tris-borate buffer, pH 8.6, of Taggart et al. (1981) or
a citrate-morpholine buffer, pH 6.2, modified from
Clayton and Tretiak (1972). Recipes for staining solutions were derived from Taggart et al. (1981).
Six enzymes were stained: malate dehydrogenasc
(MDH, EC 1.1.1.37), glyccrol-3-phosphate dchydrogenase (GPD, EC 1.1.1.8), phosphoglucose isomcrasc
(GPI, EC 5.3.1.9), creatine kinase (CK, EC 2.7.3.2),
phosphoglucomutase (PGM, E C 2.7.5.1) and lactate
dehydrogenase (LDH, EC 1.1.1.27). Fourteen loci
wcrc rcsolved for thcse cnzymcs of which six displaycd
diallelie polymorphisms (Marshall, 1989). Standard
nomenclature is employed for these loci; multiple loci
are designated by hyphenated numerals in order of
increasing anodal migration on the gel and allelic
variants are denoted in parcnthcses by the relative
mobility of thcir homomeric bands.
Whcrc possible, genotype frequencics at the polymorphic loci were tested for deviations from cxpcctations under the Hardy-Weinberg mode1 using the "G"
test (Sokal and Rohlf, 1981). Heterogcneity between
population pairs was tcstcd using the Workman and
Niswander (1970) chi squared contingency test. Nei's
(1972) genetic distance "D" was calculated for al1
pairwise comparisons between samples based on allele
frcqucncies for al1 fourtccn loci. The relationships
bctwcen thc four samplcd populations arc illustratcd
using a dcndrogram constructed by the unwcightcd
pair-group arithmetic average (UPGMA) mcthod
(Ferguson, 1980). Using Chakraborty's (1980)
method, the overall genetic variation was partitioned
into that due to variation (a) within populations,
Aquat. Living Reaour.
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Table 1.

-

Allelc frequencies a l six enzyme loci in samplcç of

Su/mo rrurtu from four rivcrs within the Conwy river system. G:

G test of goodness of fit to the Hardy-Wcinbcrg model, ns: not
significant. *: p<0.05>0.01, **: p<0.01>0.001, ***: p<0.001.
Locus

Figure 1. - A simplified map of the Conwy river system showing
the sampling sites. R1 and R2: the two river Roe sites; NG: Nanty-goron; 1: river Iwrch; M: river Machno; CF: Conwy Falls; PMF:
Pandy Mills Falls. Scale bar: 1 km. Inset: map of Wales showing
the area depicted in the Figure.

(6) between populations within the anadromous and
resident groups, and (c) between anadromous and
resident groups.

RESULTS
Eight of the fourteen loci resolved, were monomorphic for the same allele in al1 samples (Mdh-1,
Pgi-1, Pgi-3, Ck-3, Pgm-1, Ldh-2, Ldh-3 and Ldh-4).
The variant alleles at the remaining six loci were Mdh2(125), Mdh-4(85), Pgi-2(135), Ck-2(115), Gpd2 ( - 128) and Ldh-5(90). These variants occurred in
al1 samples except for Pgi-2(135) which was only
found in fish from the Nant-y-goron (table 1). Al1
these variants have previously been described for
other populations and their genetic nature has been
confirmed by breeding studies (Taggart and Ferguson, 1984; Guyomard and Kreig, 1983).
No significant differences in allele frequencies were
observed at any loci between the two samples (RI
and R2) taken from the Roe (x2=3.844, d.f. 5;
p t 0.7 > 0.5) so the data from these two samples were
pooled in subsequent analyses.
At the Ck-2 locus, the heterozygote and the common homozygote genotypes could not be readily
distinguished from each other, so allele frequencies
Vol. 5 , no 1 - 1992

Alleles

Roc

Nant-y-goron

Iwrch

Machno

were calculated by assuming Hardy-Weinberg proportions and taking the square root of the variant homozygote frequency. A similar procedure was adopted
for the Mdh-4 locus, but in this case it was the heterozygote and variant homozygote which could not be
distinguished. These loci could therefore not be tested
for deviation from Hardy-Weinberg proportions. Of
the 13 G tests of goodness of fit to the Hardy-Weinberg model which were performed, two were significant, suggesting a deficiency of heterozygotes at Ldh-5
in the Machno sample and at Mdh-2 in the Roe population (table 1). However, according to the sequential
Bonferroni test (Rice, 1989), only the Ldh-5 result can
be regarded as significant (p > 0.05).
Mean expected heterozygosity (He) across al1 loci,
including monomorphic ones, was generally slightly
higher in the sea trout populations than in the resident
populations
(Nant-y-goron,
He = 0.128;
Roe,
He = 0.119; Iwrch, He = 0.1 16; Machno, He = 0.106).
In the tests for heterogeneity in allele frequencies
across al1 loci between populations, the two sea trout
samples (Roe and Nant-y-goron) proved to be different at the 5% level, while al1 other pairwise comparisons were significantly different at the 0.1% level
(table 2 ) .
Table 3 reveals that a substantial proportion
(11.9%) of the genetic variation can be attributed
to divergence between the anadromous and resident
groups. This is well illustrated in the dendrogram for
genetic distance Cfig. 2).
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- Reiults of Workman-Niswandcr (1970) tests for intcrpopulation hctcrogcncity bctwccn samples of Suln70 trutfu from
four rivcrs within the Conwy system. Above diagonal: summcd chi
iquarcd values over fiçe or six (') loci. Hclow diagonal: lcvcls of
significance (iee ï u h l ( ~1).
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Partitioning of gcnetic ~ a r i a t i o n(Chakrabortj, 1980)
within and between populations and bctuecn groups of sra and
resident trout populations. in the Conuy river syitem.
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Figure 2. - UPCiMA dendrogram conitructcci from gcnctic diitances, indicating relationships bctwccn four stocks of Sult71o truttu
from the Conwy rivcr systcm. D: genetic distance (Nei, 1972). N<i:
Nant-y-goron; R: Roe; 1: Iwrch; M: Machno.

DISCUSSION
The results of this study arc compatible with the
hypoihesis of an ancestral race of brown trout, characterised by a high frequency of Ldh-5(100), existing
largely in high mountain lakes or in upstream areas of
rivers isolated from sea trout stocks by impassable
waterfalls (Hamilton et ul., 1989). This is the common
allele observed in both the Iwrch and the Machno,
existing at frequencies of 0.54 and 0.73 respcctively. In
the sea trout stocks of the river Roe and Nant-y-goron
however, this allclc is rare, occurring at frequencies of
0.06 and 0.12 respcctively.
The presence of the I,d11-5(90) allclc, characteristic
of sea trout, in stocks above the waterfalls is possibly
due to introgression resulting from occasional stocking evcnts. Stocking in the Iwrch is known to have
taken place at various times since 1976 (Hauser r t rd.,
1991), but there arc no official records of stocking in

the Machno. Neverthelcss, a more extensive genctic
study of trout populations in the Conwy river system
docs indicatc the presence of hybrids between sea and
resident trout in both these rivers (Hauser ct ul.,
1991). The significant dcficiency of heterozygotes
found at the Lrlh-5 locus in the Machno sample might
bc the result of the Wahlund effect; the sampling of a
mixture of popiilations (resident+sea trout), each
with significantly differcnt allele frequencies. According to Iiauser ct ul. (199 1 ) the Iwrch samplc contained
a high proportion of hybrids which might explain why
thcrc was no significant deficiency of Lrllz-5 hctcrozygotes in this samplc.
The lou frequency of the anccstral 12clh-5/100/:illele
rccorded in the sea trout populations may bc due to
intermittent gcnc flow over the waterfalls during
flooding.
Mcan expected heterozygosity follows the pattern
scen in previous investigations (Ryman and Stahl,
1981; 1:lcming. 1983) being generally lower in the
more isolated stocks above waterfalls. The typically
smaller population sizes of hcadwater stocks are believed to be one reason for this, becausc the smaller the
effcctivc population size, the greater is the chance of
random genctic drift reducing hetero~ygosity.Howcver, for the rivcr systcm studied here, the greater po\\ibility of gene flow into and out of the sea trout
\tecks below the falls is also likcly to contribute to the
grcatcr levels of heterozygosity, 1:ish may stray
between the Roe, Nant-y-goron and many othcr tributaries of the Conwy. Thesc stocks are also potentially
open to anadromous trout from neighbouring drainage systems as well as washdowns from above the
I':ills. In contrat, the rivers Iwrch and Machno are cut
off from ncighbouring populations by waterfalls or
fish traps.
AI1 inter-river tests for hcterogcncity were significant, indicating that the samples rcprcscnted genetically diffcrcntiatcd populations. The lowest significant
summed chi squarcd value came frorn the comparison
of the two sea trout samplcs (x2 = 13.39, p < 0.05). AI1
other comparisons involved samplcs scparated by one
or two waterfalls and these gave noticcably higher
chi squared values al1 with a probability of <0.001.
The closest interpopulation genetic relation\hip is
therefore the one between the two sca trout populations, followed by that between the two resident populations. The large proportion of the gcnctic variance
(1 1.9%) which is attributable to divergence between
anadromous and rcsidcnt groups is further evidencc
of the phylogenctic differcnccs bctween them (tub10 3).
This dichotomy of stocks into those above and
thosc below waterfalls is shown by the dendrogram
for genetic distance estimates (jïg. 2). Genetic distance values range from 0.013 to 0.065 and arc consistent with the samples coming from discrete conspecific stocks. In a survey of 116 British and Irish
stocks, Ferguson and Fleming (1983) rccorded genetic
idcntities (1, Nei, 1972, where D = l n 1) ranging from
Aquut. I.i\ing
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0.96 t o 0.99. O u r distance values correspond t o identity values o f 0.937 t o 0.987.

The proposed construction of a
Pass Over the
Conwy falls m a y result in the modern race becoming
the dominant o n e in the upper stretches of the river
a n d in accessible tributaries. Supplemcntal stocking of
the rivcr with sea trout would accelerate this process.
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However, due t o the presencc of a wcir a n d a fish
trap, introgression would not occur in the Iwrch.
Similarly, due to the presence of the Pandy Mills
the Machno would net be affectede A continuing
programme of elcctrophorctic investigations in the
river system will bc rcquired to rcveal any
as a
gen,tie alterations caused to thc various
result of the building of the fish
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