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ABSTRACT

Tavlor, E.B., 1991, A review of local adaptation in Salmonidae, with particular reference to Pacific
and Atlantic salmon, dguacufiure, 98: 185-207.

Rapid development of aquaculiural operations for various salmonids has raised concern that inter-
breeding between wild salmon and hatchery strays or fish that have escaped from salmon farms may
alter “locally adapted™ traits of wild populations. Local adaptation is defined as a process whereby
natural selection increases the frequency of traits within a population that enhance the survival or
reproductive success of individuals expressing them. The study of local adaptation in salmonid pop-
ulations is important because of: (i) its relevance to evolutionary theory; (i) i1 role in promoting
penetic divergence between populations and the identification of genetic resources of fish; (i) iis
potential role in coological-genctic population “matching™ for population rehabilitation programs or
in the identification of unigque traits of aquacultural significance: and (iv) its role in undersianding
the diversity of populations and for establishing baseline data for studies designed to investigate coo-
logical-genetic interaction between wild and cultured salmon. A survey of studies is presented which
favours the idea that local adaptation is responsible for much of the genctic variation observed among
populations in morphological and meristic, behavioural, developmenital, physiological and biochem-
ical, and life history traits. Local adaptation is evident both on a broad geographic scale (between
populations separated by hundreds of kilometers) and micropeographically (between populations
separated by a few kilometers or less) and even between “seasonal races™ inhabiting the same habi-
tats. Manipulative experiments could provide valuable information on the potential for, and conse-
quences of, changes to adaptive character complexes of wild fish from interbreeding with cultured
salmon,

INTRODUCTION

Many fish species typically consist of an array of populations, each charac-
terized by a localized geographic distribution and, to varying degrees, by re-
productive isolation from other populations. Further, environmental control
of phenotypic expression and variability among local environments may re-
sult in populations being distinguishable from one another in morphology,
behaviour, physiology, and/or life history. If an attribute of a local popula-
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tion has a genetic basis, however, and if it enhances the survival or reproduc-
tive success of individuals expressing the trait relative to those lacking it, then
such a trait is considered adaptive ( Barker and Thomas, 1987). Local adap-
tation may be defined as a process that increases the frequency of traits within
a population that enhance the survival or reproductive success of individuals
expressing such traits. The study of local adaptation, therefore, involves dem-
onstrating that natural selection is responsible for the development of a trait
within a population and detailing the nature of the selective mechanism that
has favoured it (Futuyma, 1986).

Salmon, trout and charr are excellent subjects for the study of local adap-
tation because of their tendency to form local populations across a diversity
of environments. In fact, Wright (1931) considered that mechanisms of ev-
olutionary change, including natural selection, would be most effective in spe-
cies with extensive population subdivision throughout varied environments.
In addition, salmonids have a well documented “homing™ ability (Scheer,
1939; Horrall, 1981; Mclsaac and Quinn, 1988) which promotes reproduc-
tive isolation among local populations. Reproductive homing, therefore, tends
to minimize the potential for genetic changes driven by natural selection within
populations, to be offset by gene flow between populations.

Rapid escalation of programs for the artificial selection and propagation of
salmonids both for rehabilitation or enhancement of wild populations and for
salmon farming/ranching operations has heightened concerns that cultured
salmon may impact negatively on wild fish where they interact in nature (Ca-
laprice, 1969: Helle, 1981: Thorpe, 1986: Allendorf and Ryman, 1987). One
prominent concern stems from the idea that genetic traits of “locally adapted”
wild populations may be lost through interbreeding with genetically distinct
cultured salmon that have been introduced, strayed from nearby rivers tar-
geted for rehabilitation or enhancement, or that have escaped from farming
operations (Chilcote et al., 1986; Taggart and Ferguson, 1986; Altukhov and”
Salmenkova, 1987; Anon., 1988; Lannan et al., 1989; Leider et al., 1990).

My objectives in this paper are: (1) to outline the importance of the study
of local adaptation to the management of both wild and cultured salmonids,
and (2) to review evidence for local adaptation in salmonid populations. In
doing so, I hope to show that local adaptation is an important factor contrib-
uting to genetic diversity within salmonid species and, hence, to their stability
and persistence.

THE IMPORTANCE OF STUDYING LOCAL ADAPTATION

Research on local adaptation in salmonids is important for several reasons.
First, adaptation is one of the central themes of evolutionary biology since it
entails the role of natural selection in promoting evolutionary change { Mayr,
1963; Krimbas, 1984 ). Because of their homing ability and tendency to form
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local populations across diverse environments, studies of salmon populations
can contribute to an understanding of the relative importance of adaptive
divergence in promoting evolutionary change, including speciation ( Behnke,
1972; Templeton, 1981; Gharrett and Thomason, 1987). In addition, local
adaptation studies may help to resolve systematic problems that can have
important management implications ( Utter, 1981).

Second, the identification of genetically distinct populations of salmonid
species, and the mechanisms responsible for their origin and persistance, were
the subject of key recommendations from the International Symposium on
the Stock Concept held in 1980 (Spangler et al., 1981). Clearly, the study of
adaptive divergence as one such mechanism is central to these goals and,
therefore, to effective management of genetic resources of fish.

Third, practical benefits to population rehabilitation/enhancement pro-
grams may be realized by studying local adaptation. For instance, Ricker
{1972 ) suggested that attempted transplants of sockeye salmon (Oncorhyn-
chus nerka) from lower Fraser River populations to tributaries of the upper
Fraser. to re-establish populations that were decimated by the Hell's Gate
rock slide of 1913, probably failed because lower Fraser salmon were ill-suited
for the “arduous™ migration to headwater spawning areas. Similarly, Reisen-
bichler ( 1988) noted a negative relationship between the distance that hatch-
ery fish were transplanted from their natal stream and relative return to the
recipient stream. Subsequent evidence of adaptive variation among popula-
tions in rheotactic and orientation behaviour ( Brannon, 1972; Quinn, 1982),
and in homing (Bams, 1976) and swimming capabilities (Taylor and Mc-
Phail, 1985a) suggest mechanisms potentially responsible for the poor per-
formance of transplanted populations as well as suggesting sources of varia-
hility that could be exploited through genetic population matching in future
enhancement efforts (Kreuger et al., 1981; Allendorf and Ryman, 1987;
Thorpe, 1988). While genetic matching might most easily be accomplished
using biochemical traits (Allendorf and Ryman, 1987), similarity among
populations in these traits does not necessarily imply similarity in quantita-
tive traits { Utter, 198 1: Barker and Thomas, 1987).

Potential benefits to aquacultural operations may also be realized from
studies of local adaptation. Norwegian populations of Atlantic salmon (Salmo
salar) vary genetically in resistance to vibrio disease; populations that are
sympatric with a major host fish are more resistant (Gjedrem and Aulstad,
1974). Such apparently adaptively-disease-resistant populations could be used
as founder populations or in selection programs for raising salmon in areas
where vibrio disease compromises aquacultural operations. The potential for
pleiotropic effects of selection for disease resistance or any other trait should,
of course, also be considered (cf. Withler, 1987 ).

Fourth, the study of local adaptation can contribute to programs designed
to assess the potential ecological-genetic consequences of spawning between
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wild and cultured salmon by providing baseline data on the range of character
variability within and among populations before wild and cultured fish inter-
action (Green, 1978; Fredeen, 1986).

EVIDENCE FOR LOCAL ADAPTATION IN SALMON POPULATIONS

That salmonid populations exhibit “local peculiarities” has long been ap-
preciated by fisheries scientists (White and Huntsman, 1938; Anon., 1939;
Belding, 1940). The idea that such variation may have a genetic basis and
perhaps be adaptive also has a long history (Rich and Holmes, 1928; Belding
and Kitson, 1934; Ricker, 1972). Before reviewing evidence that supports the
idea that much of the genetic variation among populations represents the ac-
tion of local adaptation it is useful to discuss what criteria have been dis-
cussed as required to “demonstrate” adaptation. Because a unified concept
of adaptation is elusive (e.g., White, 1962; Dobzhansky, 1968; Bock, 1980;
Krimbas, 1984; Futuyma, 1986), the criteria and methodology for its dem-
onstration are not necessarily universally accepted (Gould and Lewontin,
1979; Mayr, 1983; Endler, 1986). Nevertheless, at least three conditions
probably should be met to demonstrate local adaptation: (1) the feature or
trait being investigated must have a genetic basis; (2) differential expression
of the trait must be associated with differential survival or reproductive ca-
pability among individuals in a common environment; and (3) a mechanism
of selection responsible for maintenance of the trait in a population should be
demonstrated (i.e., the identification of the functional link between trait
variation and variation in survival or reproductive success ) (Futuyma, 1986;
Barker and Thomas, 1987 ). With such imposing criteria, to demonstrate lo-
cal adaptation unequivocally is indeed a formidable task (cf. Endler, 1986).
MNevertheless, a considerable body of circumstantial evidence exists that sup-
ports the idea that local adaptation is responsible for much of the phenotypic
variation among salmonid populations.

In the following sections, [ survey a range of studies that suggest or discuss
the possible adaptive significance of variation among local populations in a
variety of attributes. I have concentrated my efforts on those studies com-
pleted after 1980 and those that involved some assessment of the genetic con-
trol of the trait being investigated. Ricker (1972) and Withler et al. (1982)
and papers in Billingsley (1981) provide excellent reviews of studies of ge-
netic variation of potential adaptive significance in salmonids completed be-
fore 1981,

Adaptive variation in morphology and meristic traits

Scientists have long been intrigued by the possibility that the extensive
morphological and meristic variability among fish populations may, in part,
represent adaptive diversity ( Barlow, 1961; Kirpichnikov, 1981 ). The results
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of several recent studies provide evidence that differences among natal streams
in flow regime and/or migration distance may be selective factors important
in organizing morphological variability among salmonid populations. Popu-
lations of juvenile Atlantic salmon and coho salmon ( Oncorhynchis kisuich)
differ morphometrically in traits thought to be important to position-holding
and prolonged swimming performance (Riddell and Leggett, 1981; Taylor
and McPhail, 1985b). Morphometric differences among populations of both
species are temporally stable and inherited; salmon residing in fast flowing or
headwater streams are more streamlined and have longer paired fins than fish
living in streams characterized by lower water velocities or being closer to the
sea {Riddell et al., 1981; Taylor and McPhail, 1985b). Further, studies by
Beacham (1984, 1985), Beacham and Murray (1987), and Beacham et al.
(1988a,b) have consistently associated morphometric variability among
populations of adult chum (0. keta) and pink ( Q. gorbuscha) salmon with
inferred differences in flow levels of spawning streams. Pink and chum from
large streams (and presumably higher flows) have larger fins and body pro-
portions than salmon from small streams, differences that Beacham and his
colleagues argue represent adaptations to local water velocity conditions dur-
ing migration and spawning.

Trophic morphology may also be the focus of adaptive variability among
populations. Variation among populations of Arctic charr (Salvelinus alpi-
nus) in jaw shape and size ( Barbour, 1984; Skulason et al., 1989 ) and among
populations of lake whitefish ( Coregonus clupeaformis) in gill raker number
and length (lhssen et al., 1981a; Lindsey, 1981 ) appear to be, in part, adap-
tive responses to selection associated with local variability in food particle
size.

Adaptive variation in behaviour

Much of our current appreciation of the extent and significance of behav-
ioural variability among salmonid populations stems from studies of migra-
tion in young salmon and trout. Behaviour-genetic studies by Raleigh (1971),
Brannon (1972) and Kelso et al. (1981) on sockeye salmon and rainbow
trout (Oncorhynchus mykiss) have demonstrated differences in migratory
behaviour among local populations that appear to be specializations for the
movement of fry from spawning and incubation habitats (streams) to habi-
tats favourable for feeding and growth (usually lakes). Fry originating from
spawning/incubation areas in lake outlet streams typically migrate upstream
upon emergence, those from inlet streams move downstream, while multiple
directional responses are present in fry from more complex river systems
(Brannon, 1972). Interpopulation variation in compass orientation behav-
iour may also facilitate migrations to feeding areas by fry and exemplify local
adaptation (Fig. 1; Quinn, 1982, 1985). In older fish, laboratory populations
of chinook salmon ( Oncorhiynchus tshawytscha) show inherited differences
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Fig. 1. Mean compass orientations of newly-emerged sockeye salmon fry from three popula-
tions: Cedar River { WA L. Chilko River and Weaver Creck ( Fraser River System, B.C.), Ineach
case, the compass onentation of fry in experimental 1anks is correlated with the direction that
will lead them from incubation habitats to their lacustrine feeding areas in the wild. Adapted
from Quinn { 1985 ).

in annual rheotactic rhythms that correlate well with differences in the timing
of downstream smolt migration in nature ( Taylor, 1990a).

A few studies implicate local adaptation as responsible for differences among
populations in adult migratory behaviour. Bams (1976) has documented one
of the clearest cases of genetic variation among populations in migratory be-
haviour under natural conditions that is of adaptive significance. As adults,
the progeny of non-native pink salmon had reduced homing success to the
Tsolum River, British Columbia, compared to salmon derived from crosses
between non-native females and native, Tsolum River males ( Bams, 1976).
The presence of the “locally adapted™ paternal gene complement was clearly
associated with enhanced homing performance of maturing pink salmon. Dif-
ferences among local environments in predation pressure, location of feeding
areas, and in hydrologic features were offered as possible factors selecting for
distinct migratory behaviour in Swedish populations of brown trout, Salmo
trutta (Svardson and Fagerstrom, 1982). Marking experiments conducted
with Columbia River chinook salmon by Rich and Holmes (1928} demon-
strated that “fall” and “spring™ adult migration timing is genetically con-
trolled; variation among tributaries in water flow and its effect on seasonal
accessibility to spawning areas is one factor that could act to favour different
seasons of migration among populations (Belding and Kitson, 1934; Smith,
1969),
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Evidence for locally adaptive agonistic behaviour is available for young Pa-
cific salmon. While in streams, juvenile salmonids typically hold territories
that are established and maintained through agonistic interactions { Keenley-
side, 1979). Populations differing in duration of stream residence might,
therefore, be expected to differ in levels of agonistic behaviour. Taylor ( 1988,
1990a) has shown that young chinook salmon from populations that reside
in streams for a year or longer before seaward migration (“stream-type™ ) show
higher levels of agonistic behaviour than do chinook that migrate to sea as
younger salmon (“ocean-type”) and that the differences are inherited. Ro-
senau and McPhail (1987 ) argued that inherited differences in agonistic be-
haviour between populations of coho salmon may result from selection against
agonistic behaviour in streams with higher predator biomass where conspic-
uous agonistic displays may increase susceptibility to predation. Alterna-
tively, differences in levels of agonistic behaviour between populations of ju-
venile coho may result from adaptation to different local flow regimes; low
levels being favoured in populations inhabiting lake or other low flow habi-
tats while high levels of agonistic behaviour are favoured in stream habitats
where territorial defence is advantageous (Grant and Noakes, 1988; Swain
and Holtby, 1989),

Adaptive variation in developmental biology

Because salmonids are poikilotherms, water temperature is paramount
among environmental variables regulating developmental processes. Miller
and Brannon (1982) and Brannon (1987) ventured that variation in local
water temperature regime among streams is a major selective factor main-
taining variability among salmonid populations in developmental biology.
Some recent studies lend support to this generalization. In pink, chum, sock-
eve and chinook salmon, populations differ in embryonic and larval survival
and in developmental rate from fertilization to emergence, and these differ-
ences appear to be adaptive responses to local water temperature regimes
(Tallman, 1986; Beacham, 1988; Beacham and Murray, 1987, 1988, 1989;
but see Wallace and Heggberget, 1988), In general, embryos and larvae from
populations native to cold water environments have higher survival at low
water temperatures than those populations native to warmer environments
and vice versa (Fig. 2).

Salmonid populations also vary in developmental rate apparenily as a re-
sult of adaptation to local differences in thermal regimes during incubation.
Tallman (1986; see also Beacham and Murray, 1987) showed that chum
salmon in Bush Creek, B.C., consisted of two genetically distinct populations:
“Winter Bush” salmon spawned later in the year (at lower water tempera-
tures) than “*Autumn Bush”™. Despite different thermal regimes during incu-
bation, timing of emergence and migration to the estuary overlap in fry of the
two populations. Synchronization of emergence and migration timing be-
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Fig. 2. Variability in embryo and alevin survival rates in sockeye salmon from two tributaries
of the Fraser River system, B.C. Each line connects survival values for each of ten families of
salmon both from Weaver Creek (coastal tributary) and Adams River (interior tributary ) that
were incubated in the laboratory at five water temperatures. Arrows indicate approximate mean
stream lemperatures during incubation { October-April ). Adapted from Beacham and Murray
(1988).
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tween the two Bush Creek chum populations was shown to result from “Win-
ter Bush™ chum embryos and larvae having genetically faster developmental
rates than “Autumn Bush” (Tallman, 1986). Enhanced survival afforded
through synchronized fry emergence and migration to feeding areas during
optimal time “windows™ could act to favour different developmental rates
among populations that experience distinctive thermal environments during
incubation (Walters et al., 1978: Lannan, 1980; Godin, 1982: Miller and
Brannon, 1982; Beacham. 1988).

Variability in local temperature regime and the importance of synchronous
fry emergence have also been considered potential selective factors that could
promote divergence among populations in the timing of spawning. Heggber-
get (1988) documented a positive relationship between initiation of spawn-
ing date and local water temperature among populations of Norwegian Atlan-
tic salmon: salmon in cold rivers started spawning sooner than those in warmer
rivers. There is at least some evidence of genetic control of spawning time in
salmonids (Ricker, 1972 ) and similar spawning time—water temperature re-
lationships have been documented for Alaskan populations of pink (Sheri-
dan, 1962) and chinook salmon (Burger et al., 1985), and for Fraser River
sockeye ( Brannon, 1987).

Adaptive variation in hiochemical and physiological iraits

The detection of significant genetic variation at electrophoretically detect-
able enzyme loci has stimulated much debate and research concerning its po-
tential adaptive significance in a variety of taxa including the Salmonidae
(Ihssen et al., 1981h; Nei and Koehn, 1983). The results of a few studies
suggest that allelic variation among populations of salmon and trout may rep-
resent local adaptation.

Kirpichnikov and Ivanova (1977) documented allelic variation at the lac-
tate dehydrogenase (B) locus among Asian populations of sockeye and pink
salmon and implicated temperature-dependent selection as responsible for its
maintenance, The B” allozyme is more active at low water temperatures, but
is less resistant to heating, than the B™ allozyme and predominates in “north-
ern” populations while the reverse applies to “southern™ populations {Kir-
pichnikov and Ivanova, 1977). Temperature-dependent selection has also
been implicated in maintaining allelic variation at the esterase-2 locus among
populations of Arctic charr (Nyman and Shaw, 1971; but see Hindar, 1986),
at the isocitrate dehydrogenase locus in Pacific coast steelhead trout (Red-
ding and Schreck, 1979}, and at the malic enzyme-2 locus in Atlantic salmon
(Verspoor and Jordan, 1989). Henry and Ferguson (1985) combined a geo-
graphic survey of LDI{-5 variation among populations of brown trout in the
British Isles with kinetic studies to suggest that local adaptation was, in part,
responsible for the increasing frequency of the 100 (slower) allele over time,
noting that it had a greater affinity for both pyruvate and lactate.
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Several studies document phenotype—environmental associations that im-
plicate local adaptation in promoting interpopulation variation in physiolog-
ical attributes. Genetically-based differences in the ability to retain swim-
bladder gas under pressure between two populations of lake trout (Salvelinus
namayecush) were associated with differences in depth distribution of fish in
their native habitats; fish from the deeper lake had greater swimbladder gas
retention capabilities (Lhssen and Tait, 1974), Similarily, Tsuyuki and Wil-
liscroft (1977) and Taylor and McPhail (1985a) demonstrated that anad-
romous populations of steelhead trout and coho salmon with long freshwater
migrations had superior prolonged swimming capabilities relative to conspe-
cifics from populations located close to the sea (Fig. 3). Morrissy (1973)
documented genetic variation in resistance to high water temperatures (25—
27°C) among Australian “strains” of rainbow trout that correlated with water
temperature regimes in their naturalized habitats. Trout from a Western Aus-
tralian population, where average water temperatures are about 22°C, were
better able to withstand high temperatures than were trout from New South
Wales or Victoria which experience average water temperatures of only about
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Fig. 3. Relationship between prolonged swimming performance and distance from natal streams
1o the sea for three populations of coho salmon () and two populations of steelhead trout
{ &), Each point represents the mean of 10 {coho) or between 30-46 (steclhead ) juvenile fish,
Open symbols: laboratory (coho) or hatchery (steelhead ) populations, closed symbols: wild
populations. Coho data are from Taylor and McPhail ( 1985a). those for steclhead are from
Tsuyuki and Williscroft (1977).




