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Abstract The small, non-rayed adipose fin is

present in eight extant orders of fishes, includ-

ing the Salmoniformes (salmon and trout) but

the functional significance of the trait is

unknown. Recent evidence suggests a hydrody-

namic function in juvenile salmonids, and

observations of sexually dimorphic adipose fin

expression and female preference for males with

large fins indicate a role in reproduction by

mature individuals. To the extent that the

adipose fin functions in reproduction, it might

be expected to evolve in parallel with other sex-

ually dimorphic traits, such as body depth and

jaw length. To test this hypothesis, we quanti-

fied adipose fin size of mature male sockeye

salmon, Oncorhynchus nerka, among five popu-

lations. Populations differed significantly in

adipose fin size after correcting for variation

in body length and body depth. Adipose fin size

tended to parallel the development of other

secondary sexual characteristics, but was more

closely related to body length and body depth

than jaw length. Interestingly, shallow bodied

populations from small creeks with high brown

bear, Ursus arctos, predation during spawning

tended to have smaller size-adjusted adipose

fins than populations spawning in deeper water.

However, it remains unclear whether adipose fin

size is being selected independently of other

traits or if it is pleoitropically linked to a trait

under selection (e.g., body size or shape).
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Introduction

Expression of the small, non-rayed adipose fin

has been conserved evolutionarily by eight

orders of euteleost fishes (Nelson 1994; Reim-

chen and Temple 2004), including the Silurifor-

mes (catfishes), Stomiiformes (dragonfishes),

Osmeriformes (smelts), and Salmoniformes

(salmon and trout). The adipose fin has been

used widely by systematists in species descrip-

tions (Helfman et al. 1997), used to distinguish

between otherwise similar species (Dahlberg

and Phinney 1967; Martinenz 1984), and is

frequently excised from hatchery produced
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salmon to denote natal origin (Vander Haegen

et al. 2005). Although the adipose fin has a long

history of expression among groups of fishes,

the function of the trait is unclear. Reimchen

and Temple (2004) experimentally removed

adipose fins from juvenile steelhead trout,

Oncorhynchus mykiss, and demonstrated that

the fin provides a hydrodynamic benefit, espe-

cially for intermediate sized fish. Additionally,

the salmonid adipose fin is sexually dimorphic

(Beacham and Murray 1983; Naesje et al. 1988),

increases in size during the breeding season

(Heggberget et al. 1988; Hendry and Berg

1999), and may influence mate choice by

females (e.g., brown trout, Salmo trutta; Peters-

son et al. 1999). These last aspects indicate a

role of the adipose fin in reproduction for

mature salmonids.

Pacific salmon populations vary dramatically

in the expression of secondary sexual charac-

teristics, due, in part, to the unique balance of

natural and sexual selection pressures experi-

enced on the spawning grounds, and the ener-

getic demands of migration. A large literature

indicates inter-population variation among many

traits, relative to body size, that are directly

related to reproduction including dorsal hump

size (Quinn et al. 2001), jaw length (Blair et al.

1993), skin thickness and tooth size (Johnson

et al. 2006), and color (Craig and Foote 2001).

However, to date, no study has determined

whether the adipose fin size varies among

discrete spawning populations. Our goals were

to determine whether the size of the adipose fin

(1) varied among populations and, if so,

whether (2) adipose fin size varied in parallel

with other sexually dimorphic traits (e.g., dorsal

hump, jaw length). To do so we sampled fully

mature male sockeye salmon, O. nerka, from

five populations with similarly easy migrations

from the ocean (short distance and low

elevation, relative to the range accomplished

by the species; Burgner 1991). This allowed us

to test for among population variation in

adipose fin size while controlling for possible

effects of reproductive status and energy

expenditure on the expression of secondary

sexual traits (Kinnison et al. 2003; Crossin et al.

2004).

Materials and methods

This study was conducted in the Wood River and

Iliamna Lake watersheds in southwestern, Alaska

(Fig. 1). In both systems, adult sockeye salmon

enter fresh water in early July and spawn in rivers,

creeks, and along island beaches. Spawn timing

varied somewhat between populations, thus to

control for differences in morphology due to

reproductive development, only fully mature

males that had not initiated spawning (see below)

were included in the study. Four creek spawning

populations (A Creek, Bear Creek, Hansen

Creek, and Yako Creek) were sampled in the

Wood River system and one beach spawning

population (Woody Island) was sampled in the

Iliamna Lake system (Fig. 1). The physical con-

ditions of spawning habitats varied between sites.

Spawning habitats in A Creek and Hansen Creek

are shallow and narrow, averaging 1.4 m and

3.9 m wide and 10 cm deep, respectively, whereas

spawning habitats in Yako Creek (4.2 m wide and

22.6 cm deep) and Bear Creek (5.1 m wide and

19.3 cm deep) are substantially larger (Marriot

1964). In contrast, the beach spawning Woody

Island population utilizes water averaging 155 cm

deep. In these and other spawning habitats of

these systems, the intensity of brown bear preda-

tion on spawning sockeye is inversely related to

the width and depth of streams (Quinn et al.

2001), and this is negatively correlated with fish

body depth (i.e., Woody Island has the most

deep-bodied males, followed by Bear, Yako,

Hansen and A creeks; Quinn et al. 2001, and

additional unpublished data).

Mature sockeye salmon (evident by fully

developed secondary sexual characteristics) were

caught by beach seine as they schooled in the lake

off the mouths of the creeks or, in the case of the

Woody Island beach spawning population, on the

beach spawning site itself. Gear selectivity in our

study was presumed to be negligible as beach

seines have been used effectively to obtain

representative samples of individuals from other

spawning salmonid populations (Schwanke and

Huber 2004); furthermore, any biases due to gear

selectivity would be consistent among popula-

tions. Additionally, we maintained consistency in

the reproductive status of males among the
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populations; males were excluded if they had

apparently already started spawning or were

nearing senescence (visual signs of scars from

intra-specific combat, fungus on fins or gills) as

size of the adipose fin and other secondary sexual

characteristics decrease in size after spawning

(Hendry and Berg 1999). Fish were anesthetized

in tricaine methano-sulfate (MS-222) and body

length, body depth, upper jaw length, and adipose

fin length and depth were measured to the nearest

millimeter (Fig. 2), consistent with previous stud-

ies of morphology and reproductive success

(Fleming and Gross 1994; Quinn and Foote

1994). We incorporated both length and depth

of the adipose fin into our response variable,

henceforth referred to as adipose fin size, by

multiplying these two measurements and then

scaling through division of this product by 100.

This response variable was chosen in an attempt

to quantify the overall size/area of the trait as

adipose area may be more important in inter-

sexual and intra-sexual competitions than simply

the fin length or depth. Parallel analyses using

only adipose fin length or adipose depth produced

the same results, as did analyses of overall size,

indicating that both dimensions of the fin vary

similarly among populations.

In general, longer or deeper bodied individuals

within a population tend to have larger trait

values. To compare traits among populations that

differ markedly in body size and shape, we

employed analysis of covariance (ANCOVA),

which is commonly used to remove the effect of

correlated body size and shape (Huitema 1980).

We ran parallel analyses utilizing both body

length and body depth as the independent vari-

able (i.e., covariate), with adipose fin size as the

dependent variable and population as the fixed

grouping factor, thus resulting in two ANCOVAs.

To conduct each ANCOVA, we first tested for

differences in the slopes of lines relating adipose

size to the covariate (i.e., adipose size*body

length/body depth interaction term from the

ANCOVA). If this term was not significant

(P > 0.05), it was removed from the model and

the model was fit again allowing a direct test of

Fig. 1 Sockeye salmon sampling locations within (a) the Wood River Lakes system (A Creek, Bear Creek, Hansen Creek,
and Yako Creek) and within (b) the Iliamna Lake system (Woody Island beach)
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the effect of the grouping factor (population) and

facilitating comparisons of the focal trait at a

common body length or body depth. If the

population effect was significant, we used the

Bryant-Paulson generalization of Tukey’s test for

all post-hoc pair-wise comparisons among popu-

lations of adjusted trait values, which is the

appropriate post-hoc test for ANCOVA (Bryant

and Paulson 1976).

To determine whether, within a population, the

focal traits were related (i.e., whether individuals

with deep bodies also had large adipose fins or

long jaws), we employed ordinary least squares

(OLS) regression. Specifically, our analysis pro-

ceeded in four steps. First, we regressed each of

the three focal traits (adipose size, jaw length,

body depth) against body length in three separate

regressions. Second, we used the least squares

estimates of the regression predictors (slope,

intercept) to predict the expected values of each

of the above traits for each individual, given their

body length. Third, we determined residual trait

values for each individual as the observed trait

value minus the expected trait value (determined

in step 2). Fourth, we performed three sets of

regressions for each population to determine,

within a population, whether: (a) deep bodies

were associated with long jaws, (b) deep bodies

were associated with large adipose fins, and

(c) long jaws were associated with large adipose

fins. This yielded nine regressions (three sets of

regressions for each of the three populations). We

corrected the Type I error rate via the Bonferroni

correction (acor = a/9 = 0.0055). These detailed

analyses were only conducted on the data from

Hansen, Bear and Yako creeks because small

sample sizes at the other sites precluded such

extensive analysis.

Results

A total of 1,072 fish were sampled in 2003 and

2004 (34 in A Creek, 310 in Bear Creek, 203 in

Hansen Creek, 61 at Woody Island, and 464 in

Yako Creek). Including body length as the

covariate in the ANCOVA revealed significant

differences in adipose fin size among populations

(P < 0.001; Fig. 3a), after removing the non-

significant interaction term (P = 0.603). Woody

Island fish had significantly larger length-adjusted

adipose fins than any other population. Adipose

fin size of males from Bear and Yako creeks did

not differ from each other or from A Creek but

they did differ from Hansen Creek (Table 1).

Differences in adipose fin size among populations

tended to parallel population specific differences

in body depth (A < Hansen < Yako = Bear <

Woody, Fig. 3b, Table 1).

Analyses among population of adipose fin size

with body depth serving as the covariate instead

of body length was complicated by an interaction

between creeks (P = 0.048), which precluded a

direct comparison of adipose fin size while con-

trolling for body depth. However, regression lines

for most populations did not cross within the

range of observed data (Fig. 3b). Thus, we con-

clude that Hansen Creek males generally had the

largest adipose fin size for their body depth,

followed by Yako Creek, Bear Creek, A Creek,

and then Woody Island.

Within the Bear, Hansen, and Yako creek

populations, residual body depth was positively

related to residual jaw length (Fig. 4a, b, c;

Bonferroni corrected Type I error rate = 0.0055),

though it explained little of the variation

(R2 = 0.12, 0.08, and 0.15 in Bear, Hansen, and

Yako creeks, respectively). Residual body depth

was also positively related to residual adipose fin

size in all three populations (Fig. 4d, e, f;

Fig. 2 Morphometric measurements taken on mature
male sockeye salmon: (a) body length, measured from
mid eye to hypural flexure, (b) dorsal hump, measured
perpendicularly from anterior insertion of dorsal fin to
ventral surface of fish, (c) upper jaw length, measured from
mid eye to tip of snout, (d) length of the adipose fin,
measured from most anterior insertion to posterior
curvature, and (e) depth of the adipose fin, measured
from the apex perpendicularly to the bottom of the fin
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a = 0.0055; R2 = 0.05, 0.10, and 0.08 in Bear,

Hansen, and Yako creeks, respectively). Finally,

residual jaw length was positively related to

residual adipose fin size in two of the populations

(Bear, Fig 4g; Yako, Fig. 4i; a = 0.0055) but in

Hansen Creek there was no relationship (Fig. 4h,

P = 0.54).

Discussion

We show for the first time that the size of the

adipose fin varies among wild spawning salmon

populations after controlling for other known

sources of variation (e.g., migration distance,

reproductive state). Thus, the adipose fin joins

the list of other morphological traits (body depth,

jaw length) that differ among populations of

sockeye salmon. Furthermore, population specific

differences in adipose fin size of mature male

salmon provide support to the hypothesis that the

trait has functional significance in reproduction,

thereby helping to explain its evolutionary

persistence in this group of eutelost fishes. An

obvious and intriguing extension of these findings

would be to investigate the potential reproductive
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Fig. 3 Relationship between body length (a), body depth
(b) and adipose fin size among mature male sockeye
salmon from A Creek (s-solid line), Bear Creek (M-

dashed line), Hansen Creek (h-dotted line), Woody Island
(·- alternating dotted/dashed line), and Yako Creek (d-
heavy dashed line) populations in southwestern, Alaska

Table 1 Sample sizes, adjusted means (through ANCO-
VA), and standard error of body depth (mm), jaw size
(mm), and adipose fin size (mm2) from male sockeye
salmon from five populations in the Wood River and

Iliamna Lake systems, Alaska. Body length (cm) data are
presented as the observed mean and associated standard
error

Population N Length Depth Jaw Adipose

Avg. SE Avg. SE Avg. SE Avg. SE

A Creek 34 415 2.7 138 1.6 89 1.3 6.8 0.2a

Bear Creek 317 473 2.1 149 0.5 89 0.4 7.4 0.1ac

Hansen Creek 203 451 2.6 135 0.7 83 0.5 7.0 0.1ad

Woody Island 61 443 5.6 189 1.2 85 0.9 8.1 0.2b

Yako Creek 456 457 1.8 142 0.4 87 0.3 7.4 0.1ac

a,b,c,d For a given population, adipose size with different subscripts are significantly different at P < 0.05 based on the
Bryant–Paulson generalization of Tukey’s HSD post-hoc test
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and hydrodynamic roles of the adipose fin in

other fish taxa, such as Silurimformes (catfishes)

where development of other secondary sexual

characteristics are less pronounced than in the

Salmoniformes. Additionally, these findings sug-

gest that the use of the adipose fin size may be a

beneficial and novel tool, in some systems, for

managers attempting to determine an individual’s

population of origin. This use of the adipose fin

would compliment the current use of this trait by

some researchers to determine sex (Merz and

Merz 2004). However, whether population spe-

cific differences in adipose fin size in sockeye

salmon are a result of pleiotropic linkages with

other traits (e.g., body size) or direct selection on

the fin itself is unclear.

Investigating population specific differences in

morphological traits is complicated because cor-

related allometric relationships are difficult to

disentangle (McCoy et al. 2006). Significant inter-

actions between adipose fin size and body depth

among populations made direct comparisons

difficult to interpret; thus we focus our discussion

on data adjusted for body length. Fish from

Hansen Creek had significantly smaller adipose

fins for their length than males from the remain-

ing populations. Hansen Creek males are also

shallower bodied (i.e., more fusiform) than males

from Bear Creek and Yako Creek, and Woody

Island males are the most deep bodied (Quinn

et al. 2001), even after correcting for differences

in body length among these populations. These

differences in body depth are also paralleled by

differences in weight at a given length (Han-

sen < Bear < Wood Island, etc., Quinn unpub-

lished data). Previous work in the Hansen Creek

population indicates that shallow bodies result

from strong selection against large size from both

the shallow water and subsequent size-selected

risk of stranding (Quinn and Buck 2001; Carlson

and Quinn 2007) as well as size-selective preda-

tion by brown bears, Ursus arctos (Quinn and

Buck 2001). Like Hansen Creek, A Creek is

shallow and characterized by intense bear preda-

tion and individuals are correspondingly shallow-

bodied. Although adipose fin size of males from

A Creek did not differ from that of males from

Yako and Bear creeks (in part a consequence of

03 04 -30 - 02 -10 0 10 02 03 40

-3
0

-1
0

10
30

Resi aud Bl ody De tp h

R
es

id
ua

l J
aw

 L
en

gt
h

b

-30 - 02 -10 0 10

-3
0

-1
0

10
30

Resi ud Bla o yd

R
es

id
ua

l J
aw

 L
en

gt
h

c

03 04 -30 - 02 -10 0 10 02 03 40

-4
0

2
4

6
Resi aud Bl ody De tp h

R
es

id
ua

l A
di

po
se

 S
iz

e

e

-30 - 02 -10 0 10

-4
0

2
4

6

Resi ud Bla o yd

R
es

id
ua

l A
di

po
se

 S
iz

e

f

20 03 3- 0 -20 1- 0 0 10 20 30

-4
0

2
4

6

Resi aud Jl aw neL tg h

R
es

id
ua

l A
di

po
se

 S
iz

e

h

-30 - 02 -10 0

-4
0

2
4

6

Resi ud Jla aw eL

R
es

id
ua

l A
di

po
se

 S
iz

e

i

keerCokaYkeerCnesnaH

gn th

01 02 30-30 - 02 -10 0 01

-4
0

2
4

6

Resid lau Jaw eL gn th

R
es

id
ua

l A
di

po
se

 S
iz

e

g

De tp h

02 03 40-30 - 02 -10 0 10 02

-4
0

2
4

6

Resid lau B ydo Depth

R
es

id
ua

l A
di

po
se

 S
iz

e

d

De tp h

02 03 40-30 - 02 -10 0 10 02

-3
0

-1
0

10
30

Resid lau B ydo Depth

R
es

id
ua

l J
aw

 L
en

gt
h

a

rCraeB kee

Fig 4 Relationships between residual body depth and
residual jaw size (a, b, c), residual body depth and residual
adipose fin size (d, e, f), and residual jaw size and residual

adipose fin size (g, h, i) of mature male sockeye salmon
from Bear Creek (s, first column), Hansen Creek
(M, second column), and Yako Creek (+, third column)
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the much smaller sample from A Creek), A Creek

males were more similar to Hansen Creek males

in adipose fin size than to males in Bear or Yako

creeks. A Creek fish tend to be shorter and less

deep bodied than fish from the other creeks

except Hansen (Quinn et al. 2001, and additional

unpublished data). This relationship between

adipose fin size and other traits under selection

(e.g., body depth, Carlson, Rich, and Quinn

unpublished) is intriguing and worthy of addi-

tional investigation.

While we report population differences in the

size of the adipose fin, the phenotypic and

genetic connection between this and other traits

are unclear. Differences in available energy or

physiological resources could be the proximate

factors that underpin the observed population

specific patterns. Deep-bodied individuals and

populations are not only shaped differently

from their shallow-bodied counterparts but they

are also heavier (and presumably have more

total energetic resources) for a given length

(Quinn and Foote 1994). Thus they may have

more energy to devote to other secondary

sexual traits such as the adipose fin. Assuming

that the trait reflects more than merely surplus

energy, there are at least two plausible expla-

nations for the population specific differences in

adipose fin size: direct selection or pleiotropy.

With regards to direct selection, a large adipose

fin may increase male reproductive success, in

parallel with the benefits of a deep body. For

instance, female brown trout, Salmo trutta,

tended to prepare a redd (nest) next to the

male with the larger adipose fin when presented

with two males, although male competition

often overcame the female’s choice (Petersson

et al. 1999). The adipose fin may also have

hydrodynamic functions, increasing swimming

efficiency through drag reduction, as Reimchen

and Temple (2004) reported for juvenile steel-

head trout. Indeed, Fleming and Gross (1994)

suggested that the exaggerated size of male

adipose fins serve to compensate for reduced

swimming efficiency due to the expression of

other secondary sexual characteristics such as

dorsal humps and large jaws.

Adipose fin variation may also result from

pleiotropy if adipose fin size is genetically

linked to the development of at least one other

trait under direct selection. In our case, the

most probable pleiotropic linkage is to body

size and body depth, as all populations had

strong correlations between these traits (adipose

size and body length, adipose size and body

depth). Fleming and Gross (1994) found that

body size is the primary character under direct

selection in spawning coho salmon; therefore, if

the adipose fin is linked to this highly selected

trait it would easily be propagated and main-

tained through time. However, correlation

between traits does not necessarily indicate

pleiotropy. Experiments with Chinook salmon

(O. tshawytscha) indicated that the genetic

controls over jaw length and body depth were

independent (Kinnison et al. 2003). Moreover,

the Woody Island males are short for their age

and younger, on average, than many other

populations in Iliamna Lake (Blair et al. 1993)

so the expression of a large adipose fin is more

consistent with their body depth than their body

length. This is particularly interesting as Blair

et al. (1993) found no evidence that differences

in age of individuals or populations (after

correcting for differences in size) influenced

morphological expression of traits. A descriptive

study such as ours cannot distinguish between

direct selection and pleiotropy but it did reveal

that variation exists after controlling for the

confounding factors of body size and shape,

migration distance, and reproductive status.

Despite the lack of a clear mechanism, our

findings, combined with the results of other

recent studies on adipose morphology and

function, should make us continue to examine

this enigmatic trait.
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