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Abstract: The growth rate of salmonid fishes is typically fastest in oceans, intermediate in lakes, and slowest in
streams. We compiled literature data to test whether differences in the size of prey eaten by salmonids in the three
habitats could account for these differences in growth rate (i.e., the prey-size hypothesis). In all three habitats,
salmonid fishes exhibited ontogenetic niche shifts from feeding primarily on invertebrates when small to feeding on
fishes when large. Contrary to the prey-size hypothesis, invertebrates eaten in streams were larger than those eaten in
lakes or oceans, whereas fish eaten in oceans were smaller than those eaten in streams or lakes. Consistent with the
prey-size hypothesis, salmonids began eating fish at a smaller size in oceans (8 cm) than in lakes (15 cm) or streams
(27 cm). However, the size at which salmonids became predominantly piscivorous (31 cm) did not differ significantly
between habitats. We suggest that the difference in growth potential between the three habitats is partly related to the
size at which fish first enter the diet.

Résumé: Le taux de croissance des poissons salmonidés est typiquement le plus rapide dans les océans, intermédiaire
dans les lacs et le plus faible dans les cours d’eau. Une compilation de données de la littérature a permis de vérifier si
les différences dans les tailles des proies mangées par les salmonidés dans ces trois habitats peuvent expliquer les va-
riations dans les taux de croissance (i.e. l’hypothèse de la taille des proies). Dans les trois habitats, les salmonidés ont
opéré un glissement ontologique de niche, se nourrissant d’invertébrés lorsqu’ils sont petits et, une fois grands, de
poissons. Contrairement à ce que prédit l’hypothèse de la taille des proies, les invertébrés consommés dans les cours
d’eau sont plus grands que ceux mangés dans les lacs ou les océans, alors que les poissons consommés dans les
océans sont plus petits que ceux pris dans les lacs et les cours d’eau. En accord avec l’hypothèse, cependant, les sal-
monidés commencent à manger des poissons à une taille plus petite dans les océans (8 cm) que dans les lacs (15 cm)
ou les cours d’eau (27 cm). Néanmoins, la taille à laquelle les salmonidés deviennent en prédominance des piscivores
(31 cm) ne diffère pas significativement d’un habitat à l’autre. Nous posons l’hypothèse que la différence du potentiel
de croissance entre les trois habitats est reliée à la taille à laquelle les poissons commencent à faire partie du régime
alimentaire.

[Traduit par la Rédaction] Keeley and Grant 1132

Introduction

Salmonid fishes live in a variety of habitats that can be
conveniently classified as streams, lakes, and oceans (Scott
and Crossman 1973). While all individuals spawn in fresh
water, there is considerable variation in how much time is
spent in their natal habitat (Hoar 1976; Randall et al. 1987).
At one extreme, some populations complete their life cycle
within a stream or lake, while others routinely migrate be-
tween two or three of the habitat types (Scott and Crossman
1973; Hoar 1976).

Evolutionary explanations for these often spectacular
migrations usually focus on strategies to increase growth
rate and, ultimately, reproductive success (Gross 1987).

Salmonid fishes typically grow faster in lakes than in
streams (Bachman 1982; Hutchings 1986; but see Gulseth
and Nilssen 1999) and oceans than in fresh water (Gross
1987; Økland et al. 1993). Two hypotheses, which are not
mutually exclusive, have been proposed to explain why
salmonids grow faster in some habitats than in others:
(1) differences in overall productivity or (2) differences in
mean prey size available. For example, the migration of
salmonids to oceans and the resulting increase in growth rate
is thought to be related to the greater productivity of marine
versus freshwater ecosystems in north-temperate latitudes
(Gross et al. 1988). The prey-size hypothesis seems to origi-
nate from studies of salmonids in fresh water, in which de-
tails of their feeding biology are well known. Because of the
energetic advantage of feeding on larger prey (e.g., Kerr
1971; Wa½kowski and Thorpe 1979), salmonids grow larger
when large prey are available (Martin 1970; Trippel and
Beamish 1993; Mittelbach and Persson 1998). Moreover, the
slow growth of salmonids that often occurs in streams
(Bachman 1982) and sometimes in lakes (Konkle and
Sprules 1986) is thought to occur because of a lack of suit-
able prey sufficiently large to sustain further growth (Kerr
1971). To increase the size of salmonids for trophy fishing,
large prey, such asMysisspp. or forage fish, were often in-
troduced into lakes, even though such introductions typically
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decreased the overall yield of the target population (North-
cote 1991; Rasmussen et al. 1990).

Despite hundreds of individual studies of the diet of
salmonid fishes, no general synthesis of their feeding biol-
ogy in different habitats is available. We decided to focus on
two variables that are often quantified and, hence, compara-
ble in many studies: the taxonomic composition of the diet
and the mean prey size eaten. In addition, we use the latter
to test the prey-size hypothesis. If prey size is the primary
factor responsible for variation in the growth rate in
salmonid fishes, then prey size should follow the trends in
growth potential of the three habitat types (i.e.,
oceans > lakes > streams). In particular, salmonid fishes may
switch to eating fish at a smaller size in oceans than in lakes
or streams. Because ontogenetic shifts in diet are almost uni-
versal in fishes (Werner and Gilliam 1984), including
salmonids (Keeley and Grant 1997; Mittelbach and Persson
1998), we take an allometric approach when comparing the
prey size in the three habitats. We also compare the allo-
metric trends in salmonid prey size with morphological con-
straints, such as gill-raker spacing and mouth size, which
may limit the minimum size of prey eaten (Wa½kowski
1979; Damsgård 1995), and with general allometric relation-
ships for animals (Cohen et al. 1993).

Materials and methods

Literature search and data collection
We searched the literature for studies reporting quantitative de-

scriptions of the diet of salmonid fishes that are commonly referred
to as charr, salmon, and trout. We began by searching volumes 1–
54 of the Canadian Journal of Fisheries and Aquatic Sciences (for-
merly the Journal of the Fisheries Research Board of Canada), vol-
umes 63–96 of the Fishery Bulletin of the U.S. National Marine
Fisheries Service, volumes 1–17 of the North American Journal of
Fisheries Management, and volumes 51–126 of the Transactions of
the American Fisheries Society. We compiled all articles that men-
tioned some aspect of the diet of a salmonid fish and examined all
other available articles on diet that were cited by the articles in our
original search.

Because we hypothesized that body size would be an important
determinant of prey size, we collected data only from studies that
provided a paired measurement of the body size of a salmonid fish
and its prey. We used predator and prey lengths as our measures of
size in all analyses, because these were the most commonly avail-
able data. Most studies reported the length of a fish as fork length
rather than as total length. In the few studies where authors did not
specify which length measurement was used, we assumed they
were using fork length. In cases where the mass of a fish was given
but not the length, we used species-specific length–mass regres-
sions from Carlander (1969) to convert mass into length. We did
not use studies that reported prey size in mass, because of the great
variability in length–mass regressions between groups of inverte-
brates. Only studies that reported size estimates of the majority of
prey items in the diet of a fish were included.

In recording data from published studies, we used the average
lengths of the predator and prey, when authors reported these val-
ues in summary statistics, or interpolated numerical values from
figures. If a range of predator and prey sizes were reported but not
means, we used the midpoint in our analyses. In cases where two
or more size- or age-classes of fish were reported, we included a
datum for each class of fish. Similarly, if more than one species
was examined by a particular study, we recorded a datum for each
species. Our method of extracting data allowed us to include more

than one datum per study but guarded against over-representing
intensive studies in the data set. Because our method ignores inter-
individual variability in diet within populations (e.g., see
McLaughlin et al. 1994), our predictive relationships represent dif-
ferences between the typical individuals in different populations.

Diet composition was also compiled from studies providing
quantitative measures of predator and prey lengths. We used the
average number of different types of prey in fish stomachs to quan-
tify diet composition, because it was the most common method in
the literature. Because studies varied widely in the precision of the
taxonomic identification of stomach contents, we categorized prey
as fish, crustaceans, insects, and other (mollusks, plants, amphibi-
ans, mammals, and detritus). For each size category of fish in a
particular study, we recorded the average percentage of the stom-
ach contents comprising each of these four categories. Habitat was
included as a categorical variable in the analyses: streams—any
freshwater lotic habitat; lakes—any freshwater lentic habitat; and
oceans—any marine habitat, including estuaries.

Statistical analyses
The relationship between predator size and prey size was inves-

tigated using an ordinary least-squares (OLS) regression for pre-
dictive relationships and reduced major axis (RMA) regression for
descriptive analyses (McArdle 1988). We used the standard error
of the OLS regression to approximate the standard error of the
RMA regression as recommended by Sokal and Rohlf (1995). Be-
cause body-size distributions tend to be lognormally distributed,
we log10-transformed body size variables to meet the assumption
of homogeneity of variance. We compared the predator-length ver-
sus prey-length data with two morphological constraints that may
limit the size range of prey for salmonid fishes. Damsgård’s (1995)
allometric equation for maximum prey length for brown trout (Salmo
trutta; prey length (cm) = 0.535 predator length (cm) – 0.487) was
used to predict the upper limit of prey size, whereas Wa½kowski’s
(1979) allometric equation of gill-raker spacing for Atlantic
salmon (Salmo salar; gill-raker spacing (mm) = 0.115 fork length
(cm)) was used to predict the lower limit of prey size. We used
logistic regression to predict the shift from an invertebrate to a fish
diet that often happens as fish grow (Mittelbach and Persson 1998).
We defined fish as piscivores in two ways: if there were any fish in
the diet or if fish accounted for³60% of the diet.

The data presented in the figures represent untransformed val-
ues. For some comparisons, we replotted arithmetic relationships
from the literature on a logarithmic scale. We useda = 0.05 as a
critical level of significance. Residuals of final regression models
were examined for consistency of error variance across the full
range of all independent variables.

Results

We used data from 93 different studies, representing 19
species or subspecies of salmonid fishes (Table 1). Of these
93 studies, 39, 32, and 23 described fish from streams, lakes,
and oceans, respectively. There were six different geographic
regions represented in the data set, 76.1% of the observa-
tions came North America, 16.2% from Europe, 2.7% from
New Zealand, 0.6% from Australia, 2.7% from Japan, and
1.2% from Scandinavia. Any single study contributed an av-
erage of 1.1% of the observations to the data set, and never
contributed more than 13.6% of the total number of observa-
tions in the data set.

Prey composition
Eighty-one studies provided information on the taxonomy

of organisms in the diet of salmonid fishes, based on the
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Scientific name Common name Source(s)a for composition Source(s)a for size

Hucho hucho Danube salmon 63, 90 63, 80, 90
Oncorhynchus clarki Cutthroat trout 65 73, 89
Oncorhynchus clarki clarki Coastal cutthroat trout 69 69
Oncorhynchus clarki pleuriticus Colorado River cutthroat trout 9 9
Oncorhynchus gorbuscha Pink salmon 6, 31, 34, 44, 47, 62 6, 31, 35, 47, 62
Oncorhynchus keta Chum salmon 6, 26, 31, 44, 53, 62 6, 26, 31, 35, 41, 62
Oncorhynchus kisutch Coho salmon 6, 10, 11, 25, 43, 61, 62, 91 11, 43, 61, 62, 70
Oncorhynchus masou ishikawai Red-spotted masu salmon 64
Oncorhynchus mykiss Rainbow trout 5, 8, 12, 20, 36, 38, 42, 57, 65, 68, 71, 76, 79, 83, 85, 92 2, 5, 8, 32, 42, 55, 57, 68, 76, 79
Oncorhynchus nerka Sockeye salmon 4, 11, 74, 79 21, 35, 79
Oncorhynchus tshawytscha Chinook salmon 5, 10, 13, 25, 27, 46, 57, 72, 75, 78 11, 17, 27, 56, 75, 78
Salmo salar Atlantic salmon 18, 22, 45, 60, 84 3, 18, 22, 45, 60, 84
Salmo trutta Brown trout 7, 14, 23, 28, 30, 32, 33, 37, 40, 48, 49, 66, 77 2, 7, 14, 30, 32, 37, 33, 48, 49, 55, 77
Salvelinus alpinus Arctic charr 15, 51, 59 59
Salvelinus confluentus Bull trout 81
Salvelinus fontinalis Brook trout 1, 4, 50, 54, 76, 84, 92 4, 54, 76, 84
Salvelinus leucomaenis Japanese charr 29
Salvelinus malma Dolly Varden 65, 91 81
Salvelinus namaycush Lake trout 16, 19, 39, 52, 58, 67, 82, 86, 87, 88 16, 24, 52, 58, 86, 93

aSources of data are defined by numbers as follows: 1, Allan (1981); 2, Allan and Malmqvist (1989); 3, Allen (1940); 4, Allen and Claussen (1960); 5, Angradi and Griffith (1990); 6, Bailey et al.
(1975); 7, Bannon and Ringler (1986); 8, Bisson (1978); 9, Bozek et al. (1994); 10, Brodeur (1989); 11, Brodeur (1991); 12, Bryan and Larkin (1972); 13,Cadwallader and Eden (1981); 14, Campbell
(1979); 15, Cavalli and Chappaz (1996); 16, Christie et al. (1987); 17, Craddock et al. (1976); 18, Cunjak (1992) and R.A. Cunjak, unpublished data, University of New Brunswick, Fredericton, N.B.;
19, Eck and Wells (1986); 20, Efford and Tsumura (1973); 21, Eggers (1982); 22, Egglishaw (1967); 23, Elliott (1967); 24, Elrod and O’ Gorman (1991); 25, Emmett et al. (1986); 26, Feller and
Kaczynski (1975); 27, Field-Dodgson (1988); 28, Frost and Smyly (1952); 29, Furukawa-Tanaka (1985); 30, Garman and Nielsen (1982); 31, Gerke and Kaczynski (1972); 32, Glova and Sagar (1991);
33, Glova et al. (1992); 34, Godin (1981); 35, Healey (1991); 36, Hodgson et al. (1991); 37, Hubert and Rhodes (1992); 38, Hubert et al. (1994); 39, Hudson et al. (1995); 40, Hunt and Jones (1972);
41, Irie (1987); 42, Irvine and Northcote (1982); 43, Johnson and Ringler (1981); 44, Kaczynski et al. (1973); 45, Keeley and Grant (1997); 46, Kjelsonet al. (1982); 47, Kocik and Taylor (1987); 48,
L’Abée-Lund et al. (1992); 49, LaVoie and Hubert (1994); 50, Magnan and Fitzgerald (1982); 51, Malmquist et al. (1992); 52, Martin (1970); 53, Mason (1974); 54, McLaughlin et al. (1994); 55,
McLennan and MacMillan (1984); 56, Merkel (1957); 57, Metz (1974); 58, Miller and Holey (1992); 59, Moore and Moore (1974); 60, Morgan et al. (1986); 61, Mundie (1971); 62, Murphy et al.
(1987); 63, Nagy (1976); 64, Nakano (1995); 65, Northcote et al. (1979); 66, O’Donoghue and Boyd (1932); 67, Olson et al. (1988); 68, Parkinson et al. (1989); 69, Pearcy et al. (1990); 70, Peterson
et al. (1982); 71, Pidgeon (1981); 72, Reid (1961); 73, Reimchen (1990); 74, Ricker (1937); 75, Rondorf et al. (1990); 76, Rose (1986); 77, Sagar and Eldon (1983); 78, Sagar and Glova (1987); 79,
Schneindervin and Hubert (1987); 80, Shnavevich and Moshuk (1957) (cited from Holcík et al. 1988); 81, L. Sulek, J.S. Baxter, and E.B. Taylor, unpublished data, University of British Columbia,
Vancouver, B.C.; 82, Swedberg and Peck (1984); 83, Tabor et al. (1996); 84, Thonney and Gibson (1989); 85, Tippets and Moyle (1978); 86, Trippel and Beamish (1993); 87, Van Vliet and Qadri
(1970); 88, Van Oosten and Deason (1937); 89, Wilzbach et al. (1986); 90, Witkowski and Kowalewski (1984); 91, Wolf et al. (1983); 92, Wurtsbaugh et al.(1975); 93, Yule and Luecke (1993).

Table 1. Scientific and common names of salmonid fishes used in analyses of prey composition and prey size, and reference sources for data.
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numerical frequency of prey items (Table 1). The precision
of prey taxonomy varied widely among studies. Important
differences in prey composition were evident between the
three habitats, even using our simple categories of prey type.
Insects were the dominant type of invertebrate prey in
streams, whereas crustaceans were the dominant type in
lakes and oceans (Fig. 1). When paired by size category, the
percentage of insects consumed was greater in streams than
in either lakes (pairedt = 3.42,n = 5, P = 0.027) or oceans
(pairedt = 4.16,n = 5, P = 0.014). The percentage of crusta-
ceans consumed by salmonids was greater in oceans than in
streams (pairedt = 3.45,n = 5, P = 0.026) but did not differ
between oceans and lakes (pairedt = 1.42,n = 5, P = 0.23)
or between lakes and streams (pairedt = 1.89, n = 5,
P = 0.13). The percentage of fish consumed did not differ
significantly among the three habitats (analysis of variance
(ANOVA), F2,12 = 0.14,P = 0.87).

In streams, the percentage of insects in the diet decreased
with increasing fish size (r = –0.64, n = 72, P < 0.0001;

Fig. 1a) and the percentage of crustaceans in the diet was
not related to fish length (r = –0.10, n = 72, P = 0.39;
Fig. 1a). The percentage of crustaceans in the diet decreased
as fish size increased for both lakes (r = –0.70,n = 71, P <
0.0001; Fig. 1b) and oceans (r = –0.67,n = 53, P < 0.0001;
Fig. 1c). The percentage of insects in the diet also decreased
with increasing fish length both in lakes (r = –0.25,n = 71,
P = 0.040; Fig. 1b) and in oceans (r = –0.30,n = 53, P =
0.027; Fig. 1c).

The percentage of fish in the diet increased with fish
length for streams (r = 0.87,n = 72, P < 0.0001), lakes (r =
0.79, n = 71, P < 0.0001), and oceans (r = 0.78, n = 53,
P < 0.0001). The probability of observing any fish in the
diet increased with increasing fish length (c2 = 51.92,n =
196, P < 0.0001). However, fish appeared in the diet at a

© 2001 NRC Canada
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Fig. 1. Mean (+SE) percentage of the number of prey in stom-
achs of salmonid fishes in relation to body size (10-cm size in-
tervals) for populations from streams (a), lakes (b), and oceans
(c). Percent composition according to different taxonomic catego-
ries is defined by the following bar types: solid, fish; open, in-
sects; hatched, crustaceans; cross-hatched, other (mollusks,
plants, amphibians, mammals, and detritus combined). Data are
compiled from 81 different studies. Numbers represent sample
sizes (i.e., the number of studies contributing a datum for that
size category and habitat type).

Fig. 2. (a) The probability of observing any fish in the diet of
salmonid fishes according to body length and habitat. The broken
line and solid triangles represent fish from oceans, the solid line
and open circles represent fish from lakes, and the dotted line
and solid circles represent fish from streams. Symbols represent
the mean proportion for each 10-cm size interval. The logistic
regression for any fish in the diet is logit(p) = 6.13 log10

salmonid length (cm) + 1.57 habitat – 10.32,n = 196,
P < 0.0001, where habitat is 1 for streams, 2 for lakes, and 3 for
oceans. Arrows indicate the body length when half the fish will
contain some fish in their stomachs: 8.4 cm in oceans, 15.0 cm
in lakes, and 26.9 cm in streams. (b) The logistic regression for
a dominant percentage (³60%) of fish in the diet is logit(p) =
11.25 log10 salmonid length (cm) – 17.81,n = 196, P < 0.0001.
Symbols as ina. Half the fish will contain primarily fish in their
stomachs at a body length of 30.8 cm.
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smaller body size in oceans than in lakes, and in lakes than
in streams (c2 = 21.031,n = 196,P < 0.0001; Fig. 2a). The
probability of observing a dominant proportion (³60%) of
fish in the diet also increased with fish size (c2 = 33.74,
n = 196,P < 0.0001; Fig. 2b) but did not differ among habi-
tats (c2 = 1.51,n = 196, P = 0.22).

Prey size
Sixty-one studies provided data for both prey size and fish

size (Table 1). In general, the average size of food items in
the diet increased with increasing body size of the fish (r =
0.81,n = 220,P < 0.0001; Fig. 3). There was an obvious dif-
ference, however, between the sizes of prey eaten by
salmonids specializing on invertebrates versus fish. Pisci-
vorous salmonids ate prey that were at least one order of
magnitude longer than invertebrate-eating salmonids (Fig. 3).

In addition, there were differences among habitats in the
size of invertebrate-prey consumed. The size of invertebrate
prey increased with fish size in all three habitats. This in-
crease was linear in both lakes and oceans (Fig. 3) and did not
differ in either slope (analysis of covariance (ANCOVA),
F1,55 = 0.02,P = 0.89) or elevation (ANCOVA,F1,55 = 0.01,
P = 0.91). The common regression equation for all salmonids
in lakes and oceans was log10 prey length (mm) = 0.35 log10
predator length (cm) – 0.12 (n = 56, P = 0.0009,r 2 = 0.19).

In streams, however, the increase in invertebrate prey size
with increasing fish size followed a quadratic relationship;
there appeared to be an asymptotic average prey length of
about 6.5 mm (Fig. 3). Invertebrates eaten by stream
salmonids were approximately three times longer than those
consumed by fish of equivalent size in lakes and oceans. For
example, 99 of 100 data points for stream fish were above the
regression for lakes and oceans (binomial test,P < 0.001).

For salmonids that were primarily piscivores, prey size in-
creased linearly with body length in all three habitats (open
symbols, Fig. 3). While the three regressions for piscivores
did not differ significantly in slope (ANCOVA,F2,92 = 0.20,
P = 0.82), they did differ in elevation (ANCOVA,F2,92 =
9.05, P = 0.0003). Piscivores in streams and lakes did not
differ significantly in the size of prey eaten (adjusted least-
squares means,P = 0.23) but piscivores in oceans ate
smaller prey than those in lakes (adjusted least-squares
means, P < 0.0001) and streams (adjusted least-squares
means,P = 0.049).

Interspecific comparisons
To test for species-specific differences in prey size, we

calculated separate regressions for each species by habitat
by prey type (fish or invertebrate) combination with at least
10 observations. Of the 10 separate regressions for nine dif-

© 2001 NRC Canada
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Fig. 3. The relationships between the size of salmonid fishes and their prey. The dotted line and solid circles represent stream fish feeding
primarily on invertebrates: log10 prey length (mm) = 0.85 log10 predator length (cm) – 0.23 log10 predator length2 (cm) + 0.033 (n = 100,
P < 0.0001,R2 = 0.55). The solid line and solid squares represent lake fish feeding primarily on invertebrates: log10 prey length (mm) =
0.32 log10 predator length (cm) – 0.089 (n = 8, P = 0.40, r2 = 0.12). The broken line and solid triangles represent ocean fish feeding pri-
marily on invertebrates: log10 prey length (mm) = 0.35 log10 predator length (cm) – 0.13 (n = 48, P = 0.0011,r2 = 0.21). The dotted line
and open circles represent stream piscivores: log10 prey length (mm) = 1.17 log10 predator length (cm) – 0.051 (n = 13, P < 0.0001,r2 =
0.81). The solid line and open squares represent lake piscivores: log10 prey length (mm) = 1.04 log10 predator length (cm) – 0.33 (n = 60,
P < 0.0001,r 2 = 0.65). The broken line and open triangles represent ocean piscivores: log10 prey length (mm) = 0.96 log10 predator
length (cm) – 0.25 (n = 20, P < 0.0001,r 2 = 0.66).
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ferent species, prey size increased significantly with fish
size in all cases, except for chum salmon (Oncorhynchus
keta) (Table 2). Within a habitat type or prey type, there was
little evidence of differences among species in prey size
(Figs. 4a and 4b; Table 2). Using ANCOVA, there were no
significant differences in the prey-size versus predator-size
relationships for salmonid fishes eating invertebrates in

streams (slope,F3,74 = 0.44, P = 0.73; elevation,F3,74 =
2.57,P = 0.061), invertebrates in lakes (slope,F2,42 = 2.95,
P = 0.063; elevation,F2,42 = 0.02, P = 0.98), or fish in all
habitats (slope,F2,59 = 2.15,P = 0.13; elevation,F2,59 = 2.10,
P = 0.13).

We also compared our data with Cohen et al.’s (1993)
general relationship for prey length versus predator length
for a variety of terrestrial and aquatic habitats (RMA regres-
sion: log10 prey length (cm) = 0.982 log10 predator length
(cm) – 0.864; 95% confidence interval (CI) for the slope =
0.901–1.063). All nine significant slopes for the species
regressions in Table 2 differed significantly from Cohen et
al.’s (1993) relationship; that is, RMA regression slopes in
Table 2 were outside their 95% CI. The slopes of the allo-
metric prey size relationship for invertebrate-eating
salmonids were lower than expected by Cohen et al. (1993),
whereas the opposite trend was observed for piscivorous
salmonids. The average length of salmonids in our study
(geometric mean = 13.67 cm) did not differ significantly
from the mean in Cohen et al. (1993) (geometric mean =
9.90 cm,t = 0.44, df = 702,P > 0.5). Invertebrate prey were
smaller than expected (binomial test,P < 0.001) by Cohen et
al. (1993), whereas fish prey were larger than expected (bi-
nomial test,P < 0.001; Fig. 5).

Morphological constraints and prey size
The range of mean prey size eaten was generally within

the hypothesized constraints of gill-raker spacing and mouth
size. Only 10 of 220 observations were smaller than the min-
imum predicted by Wa½kowski’s (1979) equation of gill-
raker spacing for Atlantic salmon, whereas only two of 220
observations were larger than the maximum predicted by
Damsgård’s (1995) equation for mouth gape in brown trout
(Fig. 5). Piscivorous salmonids ate relatively large prey that
approached the maximum predicted by Damsgård’s (1995)
equation (Fig. 5). In contrast, invertebrates eaten in lakes
and oceans approached the minimum size predicted by gill-
raker spacing. Salmonids in streams ate invertebrates that
were in the middle of the size spectrum.

Discussion

Our synthesis of the published literature indicated that
salmonid fishes in all three habitats exhibited an ontogenetic
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OLS regression RMA regression

Speciesa Habitat Prey type Slope (SE) Intercept (SE) n r2 P Slope

Atlantic salmon Stream Invertebrates 0.53 (0.11) 0.12 (0.091) 17 0.61 0.0002 0.68
Brook trout Stream Invertebrates 0.48 (0.052) 0.15 (0.036) 13 0.90 0.0001 0.51
Brown trout Stream Invertebrates 0.40 (0.064) –0.27 (0.057) 33 0.56 0.0001 0.53
Rainbow trout Stream Invertebrates 0.40 (0.063) 0.21 (0.062) 20 0.69 0.0001 0.48
Chum salmon Ocean Invertebrates 0.19 (0.14) –0.008 (0.14) 20 0.09 0.19 —
Pink salmon Ocean Invertebrates 0.76 (0.11) –0.57 (0.12) 13 0.81 0.0001 0.84
Sockeye salmon Lake Invertebrates 0.41 (0.17) –0.21 (0.18) 15 0.31 0.030 0.74
Danube salmon Stream Fish 1.23 (0.21) –0.087 (0.38) 12 0.78 0.0002 1.39
Brown trout Lake Fish 1.17 (0.16) 0.20 (0.26) 13 0.83 0.0001 1.28
Lake trout Lake Fish 1.04 (0.13) 0.32 (0.21) 41 0.64 0.0001 1.30

aSee Table 1 for scientific names.

Table 2. Linear regressions of log10 prey size (mm) versus log10 body length (cm) for several salmonid fishes by either an ordinary
least-squares (OLS) or a reduced major-axis (RMA) regression technique.

Fig. 4. Comparative allometry of prey size versus predator size
for several species of salmonid fishes in streams (a) or lakes and
oceans (b) and in comparison with a general equation for animal
predators from Cohen et al. (1993). See Table 2 for salmonid re-
gression equations.
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niche shift from feeding on invertebrates when small to
feeding on fish when large. Before switching to fish, small
salmonids appeared to feed almost exclusively on insects in
streams and crustaceans in oceans. The initial feeding niche
in lakes was intermediate between streams and oceans. The
difference between streams and oceans was not surprising,
because insects are abundant in fresh water but are almost
absent from marine habitats where they are replaced by crus-
taceans (Margulis and Schwartz 1998). While crustaceans
dominated the diet of small salmonids in lakes, there was a
hint of an intermediate feeding niche in which salmonids fed
equally on crustaceans and insects before switching to pisci-
vory. These ontogenetic shifts in diet presumably occur as
salmonids attempt to eat more energetically profitable prey
as they grow larger. As body size increases, optimal prey
size also increases as the handling time for larger prey de-
creases (Wa½kowski and Thorpe 1979; Bannon and Ringler
1986). Such ontogenetic shifts have been observed within
many populations (Brodeur 1991; L’Abée-Lund et al. 1992).

In contrast with the predictions of the prey-size hypothe-
sis, invertebrate prey were larger in streams than in lakes and
oceans and fish prey were smaller in oceans than in streams
and lakes. However, salmonids began feeding on fish at a
smaller size in oceans than in lakes, and in lakes than in
streams, a result that is consistent with the prey-size hypoth-
esis. These habitat differences in the onset of piscivory were
likely the result of the availability of suitable forage fish.
Because we used the average data from each study, the
actual size at which salmonids begin eating fish may be even
smaller. Interestingly, salmonids became primarily pisci-
vorous at about 31 cm in length, regardless of habitat type.
Perhaps a greater abundance and a greater range of size of
potential forage fish in oceans allow salmonids to begin
feeding on fish at a small size and hence grow quickly. By

the time a salmonid is 31 cm in length, invertebrates may no
longer be very profitable prey, regardless of habitat type.

The relatively slow growth of salmonids in streams
(Bachman 1982; Hutchings 1986) cannot be due to the small
size of invertebrate prey, but may be related to the lack of a
reliable supply of forage fish. A 15- to 20-cm fish is already
eating the largest insects that are available in the drift, and
will likely begin a steady decline or cessation in growth at
about this size unless forage fish are available (Pidgeon
1981; Bannon and Ringler 1986). On average, stream
salmonids only begin eating fish when 27 cm long. When
stream salmonids are able to switch to piscivory, they can
grow to over 50 cm in length (Holcík et al. 1988).

The faster growth of salmonids in lakes than in streams is
not because the invertebrate prey are larger. Faster growth in
lakes may be due to either the higher productivity of inverte-
brates or the opportunity to begin eating fish at a smaller
size (about 15 cm). Fast growth to attain a large body size in
lake salmonids requires large prey, typically fish, whether
they occur naturally (Campbell 1979; Trippel and Beamish
1993) or are introduced (Rasmussen et al. 1990). Plankti-
vorous lake trout eventually cease growth at a small size,
even though prey are apparently abundant (Konkle and
Sprules 1986). Similarly, the faster growth of salmonids in
oceans than in fresh water is not related to the size of inver-
tebrate prey, but may be related to either the higher produc-
tivity of the habitat (Gross et al. 1988) or the opportunity to
begin eating fish at a small size (at about 8 cm in length).

In general, habitat type had a greater effect on the size and
composition of the diet than did taxonomy. Few differences
between species in the allometry of prey size were evident in
our broad-scale analysis. The diet of a typical salmonid may
be broadly set by its morphology and the availability of prey.
The narrow spacing of the gill rakers allows them to eat rela-
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Fig. 5. Mean prey length in relation to salmonid predator length; symbols are as depicted in Fig. 3. The upper dotted line represents
the maximum prey size predicted by Damsgård’s (1995) gape-limitation equation for brown trout and the solid line represents a gen-
eral equation for animal predators from Cohen et al. (1993). The lower dotted line represents the minimum prey size predicted by
Wa½kowski’s (1979) gill raker spacing equation for Atlantic salmon.
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tively small prey compared with most predators of equiva-
lent size (Cohen et al. 1993). Compared with other
piscivores, salmonids have small mouths and begin eating
fish at a larger size and later age (Mittelbach and Persson
1998). As piscivores, salmonids appear to be gape-limited
and increasingly eat larger fish as they grow. Despite their
relatively late switch to piscivory, salmonids eat larger prey
than expected for a predator of equivalent size (Cohen et al.
1993) and grow larger than expected compared with other
piscivores (Mittelbach and Persson 1998).

In summary, our analysis suggests that different species of
salmonid fishes represent relatively little variation about a
common dietary theme. We suggest that salmonid species of
a similar size in a similar habitat will overlap broadly in the
size and composition of their diet.
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