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Abstract: Migrations affect the population dynamics, life 
history, evolution, and connections of animals to natural 
ecosystems and humans. Many species and populations 
display partial migration (some individuals migrate and 
some do not), and differential migration (migration dis-
tance varies). Partial migration is widely distributed in 
fishes but the term differential migration is much less 
commonly applied, despite the occurrence of this phe-
nomenon. This paper briefly reviews the extent of dif-
ferential migration in Pacific salmon and trout (genus 
Oncorhynchus), a very extensively studied group. Three 
hypotheses are presented to explain the patterns among 
species: 1) phylogenetic relationships, 2) the prevalence 
of partial migration (i.e., variation in anadromy), and 3) 
life history patterns (iteroparous or semelparous, and 
duration spent feeding at sea prior to maturation). Each 
hypothesis has some support but none is consistent with 
all patterns. The prevalence of differential migration, 
ranging from essentially non-existent to common within 
a species, reflects phylogeny and life history, interacting 
with the geographic features of the region where juvenile 
salmon enter the ocean. Notwithstanding the uncertain 
evolution of this behavior, it has very clear implications 
for salmon conservation, as it strongly affects exposure to 
predators, patterns of fishery exploitation and also uptake 
of toxic contaminants.

Keywords: Partial migration; Anadromy; Life history; Phy-
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1  Introduction
Migration is a widespread behavioral pattern in animals 
(1, 2), with profound consequences for the fitness of indi-
viduals and the conservation status of the population or 
species. Migration affects exposure to predators, patho-
gens, and contaminants, access to optimal feeding and 
breeding areas, spatio-temporal changes in abiotic condi-
tions, and exploitation by humans (3-5). In many cases, 
migratory species, or the migratory forms of species, are 
in greater jeopardy than non-migratory species and forms 
(6-8). Migratory animals can also have profound effects on 
their ecosystems (9, 10). 

Over the past decades it has been increasingly clear 
that there are many alternatives to migration displayed 
by individuals and populations, and the scientific liter-
ature on alternative migration patterns has been heavily 
influenced by work on birds (11, 12). With respect to birds, 
partial migration was defined as describing “… popula-
tions [that] include some individuals that do and some 
that do not migrate from the same breeding area” (13). 
This definition is consistent with general usage (14), and 
partial migration is known in many taxa (15-18) including 
fishes. For example, anguillid eels are famous for their cat-
adromous migrations from marine areas where they are 
spawned to freshwater habitats where they feed and grow 
for years before migrating back to sea, but some juveniles 
do not ascend rivers (19). Many other diadromous fishes 
also show partial migration, including black bream, Acan-
thopagrus butcheri, in Australia (20), European perch, 
Perca fluviatilis, in the Baltic Sea (21), and white perch, 
Morone americana, on the Atlantic coast of North America 
(22). There are also many examples of marine fishes with 
migratory and non-migratory populations, and often the 
management and conservation hinge on understanding 
these patterns (e.g., Patagonian toothfish, Dissostichus 
eleginoides (23) and winter flounder, Pseudopleuronectes 
americanus (24)). 

Perhaps the best studied example of partial migration 
in fishes is anadromy is salmonids (primarily the genera 
Oncorhynchus, Salmo, and Salvelinus). In these fishes, 
the patterns and prevalence of anadromy can vary widely 
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among and within populations (25-27), influenced by gen-
otype and phenotypic plasticity (28). There is an extensive 
literature spanning all species, on the prevalence of ana-
dromous and nonanadromous populations, and individ-
uals within populations, including aspects related gene 
flow between forms (29), genomic association (30), rela-
tionship to growth among populations (31, 32), growth 
and energy storage of individuals (33-35), and sex (36). 

The term differential migration is commonly used, 
especially in the avian literature, when referring to cases 
where individuals vary in the distance or timing of migra-
tion (37) or, more specifically, “… the situation in which 
migration in some distinguishable classes of individuals 
(ages, sexes, races) differs with respect to timing, distance, 
or both” (13). Typically, for example, female birds migrate 
farther than males, and males arrive earlier, or there is a 
difference between adults and young (38). Unlike partial 
migration, a term commonly applied to fishes in the scien-
tific literature, differential migration is seldom applied to 
fishes in general and salmonids in particular, though the 
phenomenon certainly occurs. That is, many anadromous 
forms differ markedly in the spatial extent of their migra-
tions. Striped bass, Morone saxatilis, vary in their move-
ments in estuarine and marine waters (39), and Secor (40) 
revived this “contingent hypothesis” and revealed diver-
gent patterns of movement among anadromous fish, in 
addition to a resident (nonanadromous) form (41, 42). 

In a recent review of individual variation in animal 
movement, Shaw (43) concluded that “… the conse-
quences of movement are less well understood than the 
causes.” This may be the case for some taxa but I would 
argue that it is not so for salmon and their relatives. In 
these fishes, the consequences for growth, natural and 
anthropogenic mortality, and the productivity of popula-
tions, may be better understood than the causes, which 
are a complex blend of ancestral tendencies of the popu-
lation, recent growth and condition of the individual, and 
environmental stimuli. Despite the voluminous scientific 
literature on the behavior, ecology, and evolution of sal-
monids (44, 45), and the existence of differential migra-
tion, the proximate and ultimate causes of this form of 
variation are very poorly understood. 

The first purpose of this paper is to briefly review the 
prevalence and patterns of differential migration in ana-
dromous Pacific salmon (genus Oncorhynchus) species. 
Definitions of differential migration often include varia-
tion in migration timing as well as spatial patterns (13), 
but this review follows Cristol, Baker (38) and limits the 
scope to differences in spatial extent of feeding migra-
tions from the breeding areas. There is also widely recog-
nized variation in migration timing, often referred to as 

seasonal races or runs, in several families of migratory 
fishes, notably salmonids, sturgeons, and lamprey (46). 
Differential timing of migration is most dramatic among 
distinct breeding populations but within-population var-
iation also occurs, with males and older salmon typically 
migrating earlier than females and younger salmon. These 
patterns and hypotheses were recently reviewed (47), and 
will not be detailed here. 

Two important distinctions between the migrations of 
salmon and birds should be noted when reviewing con-
cepts so well-established in the avian literature. First, dif-
ferential migration in birds (in terms of distance) is often 
related to sex, with females typically migrating farther 
than males (38, 48, 49). Sex-biased distribution patterns 
are known in some fishes, for example sharks and rays (50, 
51), but this is often related to parturition. Male salmon 
often migrate before females (though nest site selection 
and preparation are solely accomplished by females) but 
there seems to be no evidence of systematic differences in 
migration distance with sex. As noted at the conclusion of 
this paper, there may be data to test this hypothesis but it 
is not a prominent feature of research to date. 

Even more fundamentally, salmon migrations differ 
from those of birds and some other animals in that, while 
the breeding site is a fixed location, the feeding grounds 
to which they migrate and from which they return are 
extremely broad. Salmon migrations are not seasonal 
changes in latitude between discrete breeding and feeding 
sites. Rather, juvenile salmon (naïve to the ocean, without 
adults to guide them) enter marine waters and disperse. 
Depending on the species and point of entry, individuals 
from one population may migrate north along the coast, 
both north and south, or mainly south. In many cases they 
feed out in the open North Pacific Ocean, more or less con-
tinuously moving, until they approach sexual maturity. 
They then migrate in a more directed manner homeward 
to the mouth of their natal river, ascend it, and spawn. 
Individual salmon can be caught at sea and in some cases 
tagged and later recovered, or assigned to a population 
of origin by genetic methods, but for the most part their 
feeding distribution and movements at sea are inferred 
indirectly. In comparison, the arrival of birds in feeding 
areas can be observed directly. The broad distributions of 
salmon during their feeding migrations at sea complicate 
determination of whether there are differential patterns 
or not; variation in distance travelled is so common as 
to be unimportant, especially in species that vary in the 
number of years spent feeding at sea prior to homeward 
migration. Consequently, this review focuses on distribu-
tion patterns that are bimodal or otherwise result in more 
discrete differences rather than a continuum.  
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Considering differential migration with respect to dis-
tance travelled rather than timing, patterns of variation 
might be explained, hypothetically, by three factors. First, 
the extent of differential migration might follow phylog-
eny (i.e., species more closely related would show more 
similar patterns). Second, the prevalence of differential 
migration might parallel that of partial migration (e.g., 
non-anadromy) among species. Third, the prevalence of 
differential migration might be associated with life history 
variation – specifically, the number of years spent at sea 
prior to maturation, and the prevalence of iteroparity. The 
review of species is arranged taxonomically, and a phy-
logeny is provided for reference (Fig. 1), though different 
studies, using different samples, markers, and analyti-
cal methods, vary somewhat in the relationships among 
species. Then, having reviewed the patterns and evalu-
ated the support for these hypothesized factors as influ-
encing differential migration, I discuss the evidence for 
the influences of genetic, internal (sex, size, physiological 
condition), and external (environmental) factors in dif-
ferential migration, and end with an explanation for why 
these patterns are so important in these fishes, as with so 
many other migratory animals.

2  Species-Specific Patterns

2.1  Sockeye, Chum, and Pink Salmon

Salmon and trout enter the Pacific Ocean over a broad 
arc around the Pacific Rim, from California to Alaska in 
North America and from Korea to Russia in Asia (Fig. 2) 
so some generalization is needed in characterizing their 
migration patterns. The most numerous species are the 
pink (O. gorbuscha), chum (O. keta) and sockeye (O. nerka) 
salmon. These species, more closely related to each other 
than to others in the genus (52), typically migrate rapidly 
northward along the coast of North America and Asia 
during their first summer at sea, and then move into the 
open North Pacific Ocean and Gulf of Alaska and remain 
there before returning to spawn (53-55). Sockeye salmon 
commonly occur as self-sustaining non-anadromous pop-
ulations (known as kokanee), that evolved independently 
from anadromous ancestors in many river systems (56). 
Nevertheless, the expression of differential migration is 
limited among anadromous populations of that species, 
and the others. For example, juvenile sockeye salmon 
migrate rapidly (57) and tend to vacate the inland waters 
of Puget Sound and the Strait of Georgia (Fig. 3), now 
often referred to as the Salish Sea, by mid-late summer 

(58-60), and similarly rapid migrations are observed else-
where (61). However, genetic analysis of juveniles caught 
in marine waters indicated that some populations left the 
Fraser River and migrated rapidly through the Strait of 
Georgia whereas others stayed longer there to feed, and 
some coastal B.C. populations remained in local areas into 
their first fall and winter at sea (62). 

Juvenile chum salmon feed in estuaries longer than 
do sockeye and pink salmon but they also show a single 
migration pattern with few exceptions. Their distribution 
is in the open ocean, north of their river of origin. There 
are reports of some sub-adult chum salmon that remain 
in the Salish Sea and feed for a year or more (63), and I 
have sampled some while studying other salmon species 
in Puget Sound, but they seem to be quite unusual.

In the case of pink salmon, there are two forms of dif-
ferential migration to note. First, though the great majority 
feed on the open ocean, the populations from Asia (e.g., 
the east coast of the Kamchatka Peninsula) travel farther 
at sea than do North American populations, based on 
tagging studies, and the Asian populations also migrate 
homeward much faster than do the North American ones 
at the onset of sexual maturity (64). In addition to this 
variation in distribution and migration rate at sea, Jensen 
(65) reported that some pink salmon entering Puget Sound 
remained there rather than migrating to the ocean as most 
do. Haw, Wendler (66) measured a sample of these fish 
and they were markedly smaller than conspecifics caught 
along the coast at the same time of year. This differential 
migration pattern was never explained and now seems 
to be increasingly rare, as indicated by my examination 
of catch records reported by the Washington Department 
of Fish and Wildlife. Pink salmon, as a species, are cur-
rently more numerous in the Salish Sea than they were 
in the past (67), so differential migration would likely be 
detected if it was still common. 

Thus within this evolutionary group, differential 
migration is limited, being mostly a matter of degree (i.e., 
oceanic distributions and migration rates) or uncommon 
alternative patterns such as the Puget Sound residents. 
Given the shared evolutionary lineage of this group, the 
results are thus consistent with a hypothesis related 
to phylogeny. In sockeye salmon, non-migratory pop-
ulations evolved repeatedly, but the anadromous form 
showed only limited differential migration, so the con-
nection between partial and differential migration is not 
supported. In terms of life history, the three species vary 
in terms of how long they stay at sea, from one year in 
pink salmon to typically two or three in sockeye and two 
to four of more in chum salmon (44), so there is no clear 
link between this aspect of life history and migration. All 
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three species are invariably semelparous but, as the next 
section indicates, so are other species in which differen-
tial migration is common. 

2.2  Chinook and coho salmon

The second major grouping of migration patterns involves 
Chinook and coho salmon, another evolutionary lineage 
(Fig. 1), and was recently reviewed (68, 69). In their native 
range these species are almost exclusively anadromous, 
though in some cases individuals mature without having 
gone to sea. This so-called precocious maturation is almost 
exclusively seen in males and in Chinook salmon rather 
than coho salmon. It is associated with rapid growth (70) 
but the tendency to do so varies among populations (71). 
These species are invariably semelparous under normal 
circumstances, though under experimental conditions 
males that mature can survive and spawn in subsequent 
years (72). Thus the life history patterns differ from those 
of pink, chum, and sockeye salmon.

Chinook and coho salmon breed in rivers farther 
south than do pink, chum and sockeye salmon, and the 

southern populations of coho and Chinook salmon feed 
primarily in the cool, productive coastal upwelling zone 
from California to southern British Columbia. Populations 
farther north feed along the coast and also in offshore 
waters. These patterns suggest that the area where salmon 
enter the ocean determines their feeding areas but this is 
not the case. Decades ago it was reported that Chinook 
salmon from different populations breeding within the 
Columbia River system had very different marine distri-
bution patterns despite entering at the same point along 
the coast (73). Healey (74) pointed out that populations 
with juveniles entering the ocean in their first year of 
life, termed ocean-type, were distributed along the coast 
(rather than offshore) to a much greater extent than the 
“stream-type” that spend a full year in streams prior to 
seaward migration. The ocean-type juveniles tend to be 
smaller when they enter the ocean, enter over a longer 
period, and make greater use of estuaries, suggesting a 
relationship to differential migration. However, the real 
divide in migratory patterns seems to be between lineages 
that evolved in the continental interior or coastal areas 
(75), rather than a divide between juvenile life history 
patterns (76). Thus the evolutionary lineage within the 

Figure 1:  Phylogenetic relationships of Pacific salmon and trout species in the genus Oncorhynchus, and their relationship with the two 
other most important genera of salmonid fishes, as inferred from a matrix comprised of mitochondrial and nuclear genes, modified from 
Crête-Lafrenière, Weir (52). This generalization is for illustrative purposes; the distances between nodes are not quantitative, and the relati-
onships differ from those in some other studies.
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species seems, in this case, to have more influence on dif-
ferential migration (i.e., coastal vs. offshore distributions) 
than does the region of the coast where the fish enter the 
ocean, or their juvenile life history. Even among those dis-
tributed along the coast, some populations differ in how 
far they go. In particular, juveniles from the Columbia 
River migrate rapidly northward in their first summer at 
sea, dispersing over almost 3000 km along the continen-
tal shelf, whereas many others remain within about 100 
– 200 km of their natal rivers (77). It should also be noted 
that Chinook salmon vary in the number of years spent at 
sea, and in general the older fish are found farther from 
their natal river than are younger fish (78).

As with Chinook salmon, the marine distribution 
patterns of coho salmon populations vary considerably, 
even among those entering the ocean near each other 
(79). In contrast to Chinook salmon, coho salmon do not 
seem to show the “offshore vs. coastal” differential migra-
tion pattern within a given region, but only the general 
latitudinal gradient from distribution within the coastal 
upwelling zone of the California Current region, to a mix 
of nearshore and offshore distribution farther north, 
where the offshore waters are more suitable in temper-
ature, productivity, and biotic community. However, it 
has also been known for more than a century that both 

Chinook and coho salmon display another form of dif-
ferential migration; some members of these species feed 
throughout the year in the inland marine waters of the 
Salish Sea rather than along the ocean coast (Figs. 4, 5). 
Indeed, these salmon were so numerous that the leading 
ichthyologists of the day wrote [p. 475] that “King Salmon 
and Silver Salmon of all sizes are taken with the seine at 
almost any season in Puget Sound. This would indicate 
that these species do not go far from the shore” (80). The 
latter statement, that they do not migrate to the open 
ocean, was clearly incorrect, but their presence within the 
Salish Sea is undeniable, and has been common knowl-
edge in the fishing and fisheries management commu-
nities of the region for decades (66, 81) but has not been 
discussed in the broader context of differential migration. 

The existence of salmon making such limited marine 
migrations poses several inter-related questions: 1) what 
proportion of the salmon displays this form of differen-
tial migration, 2) has the proportion changed over the 
past decades, 3) do the migratory variants reflect discrete 
modes of behavior or points along a continuum, 4) what 
costs and benefits might accrue to the two migratory 
forms, and 5) to what extent are the patterns under envi-
ronmental and genetic control? 

Figure 2: Map of the North Pacific Rim, showing the area, stippled, where Pacific salmon and trout enter marine waters [46].
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Figure 3: Map showing the Strait of Georgia, Puget Sound and associated inland marine waters where differential migration is displayed by 
some salmon, as an alternative to migration to west coast of Washington along the Olympic Peninsula, west coast of Vancouver Island, or 
central coast of British Columbia north of Queen Charlotte Strait [46].

Figure 4: Chinook salmon, caught in Puget Sound in August, when 
such fish normally return from the Pacific Ocean coast to inland 
marine waters prior to migrating upriver to spawning areas. Photo 
credit: Thomas Quinn, used with permission of the angler, Leonard 
O’Neill. 

Figure 5: Immature Chinook salmon caught in Puget Sound in 
November, as part of the anadromous but “resident” contingent that 
represents an alternative to the pattern of migration to the coastal 
ocean. Photo credit: Thomas Quinn, used with permission of the 
angler, Justin Wong.
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Tagging data indicated that the great majority of coho 
(79) and Chinook salmon (78) feeding in Puget Sound orig-
inated from rivers flowing into the Salish Sea. However, 
many salmon originating from the same rivers migrate 
farther, out to the ocean coast, and feed there rather than 
remaining in the Salish Sea. Analysis of the recoveries of 
tagged coho salmon entering the Strait of Georgia indi-
cated that the residents decreased as a proportion of the 
total from the mid-1970s (ca. 60%) to almost nil by the 
late 1990s (82). The authors concluded (p. 514), “Despite 
our inability to understand all of the details of the mech-
anisms that affected the movement of coho, there is little 
doubt that the recent behaviour change in coho is related 
to a change in climate.” Further analyses of tagging data 
(83) indicated that only small a proportion of coho salmon 
produced in Puget Sound remained as residents – the con-
siderable majority migrated to the coast. A mix of long and 
short distance migrants was seen in all years and popula-
tion groups, but the proportions varied with the region of 
Puget Sound that they entered. In addition, salmon that 
entered marine waters later in the year were more likely to 
remain in Puget Sound than those entering earlier. There 
was also considerable year to year variation in the propor-
tions of long and short distance migrants. These findings 
suggest that the environmental conditions encountered 
when entering marine waters influenced migration but 
the mechanism is not clear, and the evidence not com-
plete.

O’Neill and West (84) also used data on the recovery 
patterns in space and time of Chinook salmon tagged as 
juveniles, and concluded that those remaining in Puget 
Sound were a large fraction of the total population. The 
tendency to remain within Puget Sound was greater for 
salmon that had spent a full year in fresh water prior to 
ocean entry as juveniles (hence were larger) compared to 
those migrating to sea in their first year of life. Subsequent 
analysis of similar data over a longer period of record by 
Chamberlin, Essington (85) also indicated that a substan-
tial fraction of the juveniles entering Puget Sound fed 
there for most or all of their period at sea. As was the case 
with the coho salmon, the tendency to remain as residents 
was primarily affected by where they entered marine 
waters, with a secondary effect of size (larger being more 
likely to remain resident) and substantial variation among 
years. Interestingly, the annual indices of residency were 
positively correlated between coho and Chinook salmon 
(Pearson correlation coefficient: 0.58, P < 0.01), and 
warmer water was associated with a greater tendency for 
migration to the coast in both species (Race Rocks, British 
Columbia July mean vs. Chinook salmon: R2 = 0.37, P < 
0.01; coho salmon: R2 = 0.33, P = 0.015). 

The influence of body size and entry date could be 
interpreted as consistent with some interaction between 
individual condition and the environment, and the effects 
of geographic region and environmental conditions on 
migration indicate external influences. The fact that in 
both species, both forms of migration are seen within 
breeding populations would seem to argue against a 
strong genetic control of short and long migration patterns 
in this case (e.g., some population adopt one pattern, and 
other populations adopt the alternative pattern). However, 
as discussed in more detail below (Section 4.1), recent 
studies have uncovered strong associations between 
genomic signatures and the timing of migration from the 
ocean into freshwater habitats, and the tendency for juve-
niles to migrate between breeding sites in streams and the 
ocean (86), or a large lake (87). Consequently, the extent 
of genetic influence on alternative migration distances 
may be greater than one might infer from the presence of 
both migratory forms in a given population. Indeed, it was 
recently reported that the tendency of coho salmon to feed 
as residents or migrate northward differed between popu-
lations, and even some family-level variation in distribu-
tion was detected (88).

Regardless of the controlling factors, body size differs 
dramatically between salmon feeding in the Salish Sea 
and those migrating to the coast (Fig. 6). Jensen (89) wrote 
that “... both the silver [coho] and chinook salmon remain-
ing in Puget Sound are much smaller than their brothers 
feeding off our coast. This may be due to lack of feed in 
the Sound, or it is possible there is a definite relationship 
between the size of the fish and the distance they migrate 

Figure 6: Immature coho salmon caught in Puget Sound in May, 
displaying the small size that is typical of such residents, in contrast 
to the larger conspecifics of the same age that feed along the Pacific 
Ocean coast. Photo credit: Thomas Quinn.
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from their home stream.” Essentially, he was posing two 
hypotheses: fish of similar size enter two environments 
and then grow at different rates, or initial size predisposes 
individuals to migrate long or short distances. Milne (90) 
reported the same growth rate differential between coho 
salmon feeding in British Columbia inland marine water 
and the coast. He pointed out that the slower-growing, 
short distance migrants do not represent separate breed-
ing populations but, rather, some fish from all popula-
tions seem to show this pattern. Pressey (81) reported that 
Chinook salmon sampled in June within Puget Sound were 
much smaller than those in outer Juan de Fuca Strait (aver-
aging 54.0 vs. 84.2 cm in length or about 2 vs. 7 kg). Those 
fish might represent a range of ages but Haw, Wendler (66) 
reported similar size differences between coho salmon 
sampled within Puget Sound and near the coast (46.4 cm 
vs. 70 cm or about 1 vs 4 kg in mass), and 42.1 vs. 56.0 
cm in pink salmon. Both coho and pink salmon spend a 
single year at sea so all would have been the same age 
when sampled. Thus, there seem to be fundamental dif-
ferences between the water bodies that affect growth in all 
three species. Given the strong relationship between body 
size and the number and size of eggs females can produce, 
and the advantages of large size through sexual selection 
in males, these differences in body size would reflect very 
substantial fitness costs (44). 

The slower growth of salmon remaining in the Salish 
Sea does not mean that this differential migration pattern 
is necessarily maladaptive. For example, if Salish Sea res-
ident salmon experienced higher survival rates than those 
migrating to the coast, there might be a form of tradeoff 
of benefits and costs. The inter-annual trends in survival 
at sea differ between populations entering marine waters 
in the Salish Sea and the coastal ocean in coho (91) and 
Chinook salmon (92), and in coho salmon the survival 
rates have been higher for Salish Sea populations. This 
does not prove that the members of each population 
remaining in the Salish Sea enjoy a higher probability of 
surviving than members of their cohort migrating to the 
coast, but it is at least consistent with that hypothesis. 

In summary, coho and Chinook salmon are phyloge-
netically close to each other and each species shows one 
or more forms of differential migration, but partial migra-
tion is rare in coho and uncommon in Chinook salmon, 
and largely restricted to males. That is, neither species 
forms nonanadromous populations in their native range, 
though some male Chinook salmon can mature and spawn 
without going to sea, and some coho salmon of both sexes 
can do so if a lake is available for rearing. Thus partial and 
differential migration are not linked in these species. As 

with pink, chum, and sockeye salmon, coho and Chinook 
salmon are invariably semelparous under natural condi-
tions.

2.3  Masu salmon

The first five species discussed above are all distributed 
on both the Asian and North American sides of the Pacific 
Ocean, though each has its own latitudinal range. A sixth 
species, masu salmon, O. masou, restricted to Asia, has 
long been recognized. In some taxonomies it was divided 
into two species (93) but it is now more widely recognized 
as a single species with four subspecies, some of which 
evolved as isolated, nonanadromous forms (94). The tax-
onomic relationship between masu salmon and the rest 
of the Pacific salmon and trout is not entirely clear, and 
its ecology and life history has elements of many different 
species. The most widely distributed subspecies, O. masou 
masou, is commonly anadromous and in the northern part 
of its range both males and females typically migrate to 
sea. However, farther south, more males reach sexual 
maturity after feeding in freshwater habitats and thus 
the great majority of seaward migrants are females (31). 
Under conditions of especially rapid growth, females also 
mature without migrating to sea. The anadromous indi-
viduals die after spawning but those maturing in fresh 
water can spawn again (95). Thus this species displays 
sex-biased partial migration, and also some deviation 
from the semelparity that otherwise characterizes Pacific 
salmon. However, there seem to be no indications of dif-
ferential migration, only variation related to where they 
enter marine waters. The timing of migration to sea and 
back by masu salmon varies but few if any spend more 
than a single winter at sea, and their feeding distribution 
is largely restricted to the Sea of Japan and Sea of Okhotsk 
(96). 

2.4  Cutthroat trout and steelhead – anadro-
mous rainbow trout

Cutthroat trout, O. clarkii, and rainbow trout, O. mykiss, 
were formerly classified in the genus Salmo, with Atlantic 
salmon and brown trout but were reassigned to the same 
genus as Pacific salmon (97). Both species include sub-
species and very distinct genetic lineages in their natural 
ranges (98), and both exist in many areas as exclusively 
nonanadromous populations, either landlocked above 
barriers to migration, or volitionally so. Juveniles of the 
two species are often difficult to distinguish visually, 
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habitat use patterns in streams overlap (99), and natural-
ly-produced hybrids are not uncommon (100-102). Both 
species breed in the spring, in contrast to the fall-spawn-
ing Pacific salmon. Moreover, both species are iteropa-
rous, and the offspring migrate to sea at similar body 
sizes, ages, and times of the year. All these attributes 
would suggest similar and limited marine migrations in 
both species; this is the case with the coastal cutthroat 
trout subspecies, O. clarkii clarkii, but not rainbow trout.

In Puget Sound, the great majority of cutthroat trout 
do not move more than about 20 – 30 km from their natal 
streams, based on genetic assignment of fish to rivers of 
origin (103), and sonic tracking (104). They feed very close 
to shore and display spotting patterns that camouflage 
them when seen against a background of gravel, sand, 
and shells along beaches (Fig. 7). In other regions such as 
the Columbia River estuary (105) and coastal Alaska (106), 
complex patterns of movement are displayed between 
marine and freshwater habitats for feeding, breeding, and 
overwintering but there are no indications of long distance 
movement or differential migration. Populations along 
the open ocean coast may differ in distribution; some 
move offshore (107-109) whereas others remain within or 
near their natal estuaries (110). Nevertheless, there are 
presently no indications of long distance migrations in 
some members of the species that would exemplify dif-
ferential patterns, relative to the characteristic pattern of 
limited movement. 

Given the extensive range of non-anadromy and 
partial migration in rainbow trout, and the ecological sim-
ilarity to cutthroat in many aspects, one might predict that 

anadromous rainbow trout would show limited marine 
migration comparable to that in cutthroat trout. However, 
in stark contrast to cutthroat trout, seaward migration by 
the anadromous form of rainbow trout, known as steel-
head, is typically quite rapid, directed, and primarily in 
open water, as revealed by studies in the Salish Sea (111-
113), and rivers along the North American coast (114, 115). 
Sub-adult steelhead quickly move to the open ocean, 
travelling far out to sea (108, 116) and display the counter-
shading needed for camouflage in the ocean – gray backs, 
silver sides, and white undersides (Fig. 8). There is some 
variation in marine distribution related to where the fish 
entered the ocean and how long they stay before returning 
(116), but these seem more a matter of degree and thus not 
clearly an example of differential migration. 

One study serendipitously provided insights into the 
genetic basis of migration in these species. Wild steelhead 
and cutthroat trout smolts were trapped as they left a river 
flowing into Hood Canal, part of Puget Sound, and sonic 
transmitters were implanted to track their movements. 
Subsequent DNA analysis revealed that 89 steelhead, 52 
cutthroat trout, and 42 naturally-produced hybrids (23%) 
had been tagged. As expected, the steelhead moved 
rapidly seaward and the cutthroat remained near their 
natal river, and the movement patterns of the hybrids were 
intermediate between the two pure forms (117). 

Thus the life history and freshwater ecology of these 
two related species, cutthroat and rainbow/steelhead 
trout, are similar, yet they have completely different pat-
terns of migration at sea, and neither displays clear differ-
ential migration at sea. In partially migratory populations 

Figure 7: Coastal cutthroat trout caught in Puget Sound in December, 
displaying the spotting pattern typical of this subspecies in rivers 
and marine waters. Photo credit: James Losee, Washington Depart-
ment of Fish and Wildlife.

Figure 8: Female steelhead, caught in a tributary of Puget Sound in 
January prior to spawning, displaying the countershading that is 
typical of the anadromous form of rainbow trout. Photo credit: Bill 
McMillan.
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of rainbow trout, the sex ratio of seaward migrants is often 
female-biased (118-121) and this may also be the case with 
cutthroat trout but I have not seen data to test the idea. It 
should be noted that the above description of steelhead 
reflects the large literature on the form in North America, 
but there are indications of greater migration diversity in 
Russia. Interpretation of scales from the Kol and Kekhta 
rivers of Kamchatka indicated that in addition to the dom-
inant forms (river resident and anadromous), some indi-
viduals used the estuary without going to the ocean (122). 
It is unclear whether these forms are now, or ever were, 
prevalent in North America, how distinct they are, and 
what factors cause them to occur in some rivers, and some 
individuals.

3  Discussion
As noted in the Introduction, the consequences of migra-
tion in salmonids in general, and especially partial and 
differential migration, are much better understood than 
the evolution and causes. The consequences of differential 
migration can include exposure to higher rates of fishing 
pressure in coastal waters than offshore for Chinook 
salmon (76), higher concentrations of chemical contami-
nants for those feeding in Puget Sound compared to the 
ocean coast (84), and different growth rates. This review 
considers three hypothetical frameworks for comparing 
patterns of differential migration: phylogenetic affinity, 
patterns of partial migration, and life history variation 
(duration of marine residence, and iteroparity). 

There is some support for the hypothesized connec-
tion between differential migration and phylogeny, but 
not for a connection to partial migration (i.e., anadromy 
vs. non-anadromy). Pink, chum, and sockeye salmon are 
most closely related to each other and they show only a 
limited degree of differential migration; virtually all ana-
dromous individuals of all three species migrate to the 
open ocean. The presence of a common nonanadromous 
form of sockeye salmon, kokanee, thus seems discon-
nected from differential migration. Coho and Chinook 
salmon are related to each other and both show differen-
tial migration but only slight partial migration (and almost 
exclusively males in their native range). Rainbow and 
cutthroat trout are related to each other, and each shows 
almost exclusively a single migration pattern, though they 
differ greatly from each other in the duration and spatial 
extent of migrations at sea. The phylogenetic position of 
masu salmon is unclear, and they show several forms of 
partial migration but apparently no differential migration. 

The connection between phylogeny and the extent of dif-
ferential migration but not with partial migration among 
species, seems somewhat counter-intuitive. Phylogeny 
would be expected to be linked to the more fundamental 
trait of anadromy or freshwater residency, owing to the 
profound physiological adaptations needed for this migra-
tion, compared to the primarily behavioral adaptations for 
differential migration. Importantly, the patterns of partial 
and differential migration are not closely connected.

There was also little or no support for the hypothe-
sized connection between life history traits such as the 
number of years spent at sea or the prevalence of iteropar-
ity, and differential migration. The duration of marine 
residence varies among species, ranging from less than 
a year in cutthroat trout, typically or invariably one full 
year at sea in pink, masu, and coho salmon, commonly 
two or three in steelhead and sockeye salmon, one to four 
in Chinook salmon, and two to four in chum salmon. Thus 
the species with best-developed differential migration, 
coho and Chinook salmon, are not distinguished in the 
duration of marine residence. Similarly, neither semelpa-
rous nor iteroparous species seem predisposed to differ-
ential migration, though partial migration (i.e., non-ana-
dromy) is much more common in the iteroparous species.  

4  Key questions to guide future 
research
Movement decisions by individuals result from complex 
combinations of internal and external factors, as the gen-
otype interacts with the immediate biotic and abiotic con-
ditions experienced by the individual, as summarized by 
efforts to synthesize the vast research on migration pat-
terns of diverse taxa (43, 123). Similar conclusions have 
drawn regarding the variation in anadromy in salmonids; 
movement decisions reflect genetic tendencies at the pop-
ulation and individual levels, growth and condition of 
the individual, and proximate environmental conditions 
presented to the population (28, 44). If progress is to be 
made on some of the complex issues related to differential 
migration in salmon (and, by extension, other less closely 
studied species), then hypotheses need to be framed to 
address these influences (124). 
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4.1  What is the genetic contribution to dif-
ferential migration? 

There is evidence for some degree of genetic control over 
migration in many taxa (125), and especially birds (126). It 
is beyond the scope of this review to consider all aspects 
of genetic control and evolution of migration in salmonids 
(44), but selected examples related to anadromy may prove 
useful. Salmonid species show a wide range of patterns, 
from invariably anadromous to entirely non-anadromous 
(25, 26). In sockeye salmon, anadromous populations col-
onized suitable habitat after glacial retreat, and in many 
independent river systems the slower growth in fresh 
water was sufficiently offset by the survival advantage 
of not going to sea and back, leading to the evolution of 
and non-anadromous “kokanee,” often in sympatry with 
anadromous conspecifics (56, 127). Genetic separation 
is achieved through a combination of assortative mating 
and lower survival of the hybrids, which not uncommonly 
occur (128). In contrast to this relatively strong genetic 
separation between forms in this species, most salmonids 
show more conditional control, with sex-specific norms 
of reaction related to the growth rate of the juveniles (36, 
129), an exemplified in O. mykiss (28). Consequently, some 
genetic influence on differential migration would not be 
surprising. 

It is very possible that the spatial extent of migration 
has a genetic basis. Indeed, there is strong evidence of 
population-specific patterns of salmon distribution at sea, 
as indicated by juveniles tagged in fresh water and recov-
ered as adults at sea (130), and by the maintenance of 
migration patterns after transplantation to a new site and 
hybridization between populations (131). The Chinook 
salmon from the interior part of the Columbia River basin 
are genetically distinct as a lineage from those breeding 
farther downriver, and differ in marine distribution (75, 
76). However, the alternative tendencies to feed in inland 
marine waters or migrate to the ocean coast are evident 
within populations of Chinook (85) and coho salmon (83), 
so the evidence for a genetic basis is mixed and ambigu-
ous, and conclusions await controlled experiments. Alter-
natively, recent developments in genetic analyses allow 
what is known as parentage-based tagging of hatchery 
produced salmon. That is, all parents used for spawning 
are genotyped and then fisheries are sampled so that indi-
vidual adult salmon can be linked to not only their pop-
ulation of origin (as prior tagging programs have done) 
but also to their parents. This remarkable capacity now 
permits detailed assessment of the spatial and temporal 
patterns of salmon at sea in areas where fishing occurs 
(88, 132). Application of this approach revealed that 

some coho salmon populations produced more fish that 
remained in the Salish Sea rather than migrating farther 
north, and that siblings were closer to each other when 
recovered at sea than non-siblings among those migrat-
ing long distances (88). This kind of approach, associat-
ing behavior patterns with population or family of origin, 
likely will be complemented in the future with genomic 
approaches such as those used to investigate within-spe-
cies variation in the timing of return from the ocean (133), 
and the distinction between non-anadromous and ana-
dromous forms (30).

4.2  How does individual condition affect 
differential migration?

In many taxa, patterns of differential migration are 
related to body size, sex, or both (especially in cases of 
sexual dimorphism). For example, male elephant seals, 
Mirounga angustirostris, are much larger than females, 
and travel farther to forage than do females, likely to meet 
their metabolic needs (134). Segregated foraging areas 
by age and sex are also known in many other animals, 
including beluga whales, Delphinapterus leucas (135), 
many species of sharks (50), songbirds (136), and more. 
Given the notable sex bias in anadromy (more common 
in females if the species varies), it is plausible that differ-
ential migration (e.g., use of inland marine waters vs. the 
coastal ocean) is sex-biased. To my knowledge such pat-
terns have not been reported but data could be obtained 
from fishery samples to evaluate this hypothesis. 

With respect to size, it is widely known that the fastest 
growing individuals (especially males) of many salmo-
nid species transition directly to sexual maturity without 
migrating to sea, for example in masu salmon (32), Atlan-
tic salmon, Salmo salar (137), and Chinook salmon (138). 
Thus a connection between body size and differential 
migration is plausible. There are at least two obvious 
hypotheses related to body size and differential migration 
alternatives in salmon of migration to the coast and occu-
pancy of interior marine waters. First, juveniles of all sizes 
might enter inland marine waters and some factor other 
than size determines whether they remain or migrate to 
the coast. In this scenario, those remaining grow slower, 
for ecological reasons, than do those along the coast. 
Second, small (or large) size may predispose juveniles to 
follow one migration alternative or the other. Studies on 
the migration pathways of individuals of known size have 
not been conducted. However, cohorts of juvenile salmon 
(i.e., those migrating to sea in a given year from a given 
hatchery or river or origin) that were larger on average 
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tended to produce more fish that remained in Puget Sound 
rather than migrating to the coast in Chinook salmon (85). 
However, the effect was not consistent among regions, 
and was not detected in coho salmon using similar anal-
yses (83), so evidence that large size influences differ-
ential migration in these salmon is at present mixed. It 
thus seems that poorer growing conditions in the inland 
marine waters reduce growth, rather than that small fish 
tend to remain there while larger members of the cohort 
migration to the coast. 

4.3  How do environmental conditions affect 
differential migration?

In the case of juvenile Chinook and coho salmon cohorts 
entering Puget Sound in a given year, the proportions 
of the two species that remain there rather than migrat-
ing farther out to the coastal ocean were positively cor-
related between years (83, 85). Moreover, in years when 
sea surface temperatures in late spring (when the juve-
niles enter marine waters) were cooler, larger proportions 
remained as residents whereas warmer temperatures were 
associated with larger proportions of distant migrants, in 
both salmon species. These finding were all consistent 
with environmental influences on migration, though the 
mechanism is unclear. The changes in temperature among 

decades have been slight, and in general these waters are 
characterized by very moderate seasonal changes. For 
example, from 1970 – 2010, the mean surface tempera-
tures at Race Rocks, British Columbia in June ranged from 
9.1 to 11.4 and the seasonal variation was from a mean 
monthly low of 7.6° in winter to a high of 11.3°. Conditions 
within Puget Sound may be more variable but it still seems 
unlikely that thermal conditions alone are responsible for 
the changes in migratory behavior. Rather, there are prob-
ably other ecological processes that are either causally 
connected with temperature or coinciding over the period 
of record, that affect the fish. 

4.4  Are differential migration patterns alter-
natives, or points along a continuum?

In some cases, differential migration is a matter of discrete 
alternative feeding areas or distances (50, 134), but in other 
cases it is a matter of degree, for example the latitudinal 
clines in sex ratio reported in some migratory birds (48, 
49). In some taxa, new research is challenging previous 
paradigms. For example, it was concluded that “Mysticete 
[whale] migration should be thought of as a continuum of 
different strategies” (139). In the case of Pacific salmon, 
there has been a tendency to view those remaining in 
inland marine waters as distinct from those migrating to 

Table 1: Summary of variation among Pacific salmon (Oncorhynchus) species in the prevalence of anadromy and partial migration (within 
the native range, discounting transplants and populations artificially landlocked), life history (iteroparity or semelparity), general marine 
migration pattern, and extent differential migration.

Species Anadromy Life history Marine migration Differential migration

Pink 
salmon Invariably so Semelparous Extensive, offshore Negligible

Chum 
salmon Invariably so Semelparous Extensive, offshore Negligible

Sockeye 
salmon

Typical, but non-anadromous 
populations are common Semelparous Extensive, offshore Negligible

Coho 
salmon

Almost invariably so; in a few 
lakes some fish mature without 
going to sea

Semelparous
Primarily nearshore; north-
ern populations more often 
offshore

Two forms; moderately common; 
residents in inland marine waters 
and migration to the ocean coast

Chinook 
salmon

Almost invariably so; some males 
mature without going to sea Semelparous

Primarily nearshore; north-
ern populations more often 
offshore

Three moderately common 
forms; residents in inland marine 
waters, coastal, and offshore

Masu 
salmon

Populations may be anadromous, 
nonanadromous, or mixed

Semelparous, with  
exceptions when not 
anadromous

Primarily nearshore Negligible

Rainbow 
trout

Populations may be anadromous, 
nonanadromous, or mixed Iteroparous Extensive, offshore Negligible

Cutthroat 
trout

Populations may be anadromous, 
nonanadromous, or mixed Iteroparous Limited to the area near the 

natal stream Negligible
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the coast. This idea is based largely on recovery patterns 
of tagged salmon in fisheries, and such data only indi-
cate their location at capture, not their movement history. 
More recently, telemetry has indicated that most salmon 
tagged in Puget Sound as residents remained there until 
they reached sexual maturity, but some later moved out 
to the coast, and a few of those came back into Puget 
Sound prior to the normal return migration for spawning 
(140, 141). However, most of the salmon tracked remained 
within Puget Sound, and limited their movements to a 
small area (140, 142). These observations are consistent 
with the idea that the differential migration alternatives 
in Pacific salmon are more like modes along a continuum 
rather than discrete, absolute alternatives, or the two tails 
of a single normal distribution of behavior. 

Finally, we may ask, “Why does this matter?” There 
is wide recognition that migratory animals link ecosys-
tems and provide important services of many kinds (9), 
though they may also play a role in disease transmission 
(143). Many migratory species are threatened, often at 
least in part because their migrations heighten vulnera-
bility (6, 7). However, the diversity of migration patterns 
may confer some greater resilience to the effects of human 
activities, including a changing climate (144). Migratory 
fishes often provide food for humans in addition to other 
ecosystem services, and there is increasing recognition 
that variable migration patterns affect fisheries exploita-
tion (24, 42, 145). Alternative migration patterns also 
affect uptake of chemical contaminants in species such as 
Pacific bluefin tuna, Thunnus orientalis (146, 147), striped 
bass (148), Pacific herring (149), Atlantic salmon (150, 
151), and Chinook salmon (84). These contaminants can 
be a health concern for humans, and also a conservation 
concern for the natural predators that feed on the salmon 
(152). Thus differential migration patterns can be very 
consequential for the fishes themselves and their consum-
ers, both human and otherwise. Understanding the causal 
mechanisms is vital in salmon, because their genotype 
and phenotype are altered by the hatchery production 
that has increasingly come to dominate many populations 
complexes (153). To the extent that migration patterns are 
influenced by body size, date of seawater entry, and gen-
otype, we may be affecting migration patterns. Finally, 
climate-driven changes in temperature and flow regimes 
are altering both the selective forces on migration patterns 
and timing, and some of the cues that trigger migration. 
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