Ole Kristian Berg', Department of Zoology, Norwegian University of Science and Technology, N-7034 Trondheim,
Norway

Milo D. Adkison?, School of Fisheries and Ocean Sciences, University of Alaska Fairbanks, Juneau Center for
Fisheries and Ocean Sciences, 11120 Glacier Highway, Juneau, Alaska 99801

and

Thomas P. Quinn®, Scheol of Fisheries, University of Washington, Box 357980, Seattie, Washington 28195

Bilateral Asymmetry, Sexual Dimorphism, and Nematode Parasites in
Mature Male Sockeye Salmon Oncorhynchus nerka

Abstract

The extent of bilateral asymmetry of 310 mature male sockeye salmon (Oncorhynchus nerka) from 6 Alaskan populations was
determined to investigate the relationship between fluctuating asymmetry in paired merphological characters and physical traits
{body size and shape) that seem to signal male quality. There was marked variation within and amoeng populations in body size
and morphology (e.g., body depth), but no differences in the overall level of asymmetry were detected among the populations, nor
between the two systems investigated (lakes Aleknagik and Iliamna). The counts or measurements of a number of the traits
evaluated for asymmetry varied among populations, but most differences were attributable to population-specific variation in
body size. The six populations exhibited marked similarities in the patterns of asymmetry. Three paired characters (length of
pectoral fins, number of branchiostegals, and number of teeth) were directionally asymmetric, indicating a genetic basis for
asymmetry rather than an environmental influence. Two other paired characters {ventral fin length and number of enlarged teeth}
were bilaterally variable but not correlated with any attribute of male quality.

Based on the low variation between the different populations in level of asymmetry, we conclude that either stress does not
influence asymmetry levels in sockeye salmon or that these populations are under similarly low levels of stress.

We also explored the relationship between biomass of a4 nematode parasite (Philonema oncorhynchi) and asymmetry. The
weight of parasites was related to fluctuating asymmetry in the ventral fin length but was not related to fluctuating asymmetry in

number of large teeth.

Introduction

There is an ever increasing demand for better
understanding of biological diversity and its as-
sessment and maintainance. In plants and ani-
mals bilaterally symmetric morphological char-
acters demonstrate fluctuating asymmetry when
symmetry is the rule and there is no tendency for
the trait value of one side to be larger than that on
the other side. The determination that bilateral
symmetry is related to the developmental stabil-
ity has provided a way to assess envircnmental
impacts on the individual developmental programs
in biological systems, complementing data from
genetic surveys (Sarre et al. 1994; Alados et al.
1995; Wagner 1996; Moglier 1996).

Deviations from bilateral asymmetry are com-
mon and are usually characterized by a frequency
distribution of right (R) minus left (L) measure-
ments (e.g. Palmer and Strobeck 1986). The three
currently accepted forms of bilateral asymmetry
are fluctuating asymmetry, characterized by a

normal distribution of the individual R-1. values
with a mean of zero, directional asymmetry, char-
acterized with a mean significantly different from
zero and antisymmetry, which arises as a genetic
predisposition of an individual towards asymmetry,
but without a specific bias to left or right. In the
last case, the mean deviation of the individual R-
L is zero, but the distribution is platykurtic (Palmer
and Strobeck 1986; Palmer 1996),

Asymmetric features may have a negative ef-
tect on behavioral patterns associated with repro-
duction (e.g., Maller 1992a; Balmford and Tho-
mas 1992; Balmford et al. 1993) thus reducing
reproductive success, and asymmetry appears to
have low heritability and appears largely to be
caused by disruption of developmental processes
(Clarke 1995).

Semelparous Pacific salmon (Oncorhvnchus
spp.) have a number of life history traits which
make them favorable for tests of hypotheses of
sexual dimorphism and mate choice. The lifetime
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reproductive effort of individuals takes place over
about 2-3 weeks at population- specific spawn-
ing sites, Maturation leads inevitably to death;
postponement of resources to future reproduction
is thus impossible. Salmon develop dramatic sec-
ondary scxual characters at maturity, The most
conspicuous features are the extended snout with
large teeth and the exaggerated dorsal hump of
males. The salmon must invest energy to develop
these features, and they may thus signal the male’s
energetic status or other indices of quality. These
secondary sexual features are developed late in
the life cycle with the limited energy resources
acquired at sea and in conflict with other ener-
getic demands as migration and gonad develop-
ment. The extent of development of these fea-
tures also varies among genetically distinct
populations within species (Beacham 1985,
Beacham and Murray 1987: Beacham et al. 1988;
Blair et al, 1993).

Quinn and Foote (1994) reported that the size
of certain sexually dimorphic features (body depth
and. to a lesser extent, jaw length) was positively
correlated with male social status and access to
females, independent of body tength in sockeye
salmon . nerkg Walbaum. Body depth was
closely correlated with condition factor (weight/
length ratio) and the dorsal hump seems to be
used in male-male displays. Jaw sizc, also corre-
lated with cendition factor, affects the male’s ability
to gape over a competitor, and thus the effective-
ness of the jaws as a weapon. The development
of the secondary sexual characteristics is rapid
and takes place just prior to the spawning period.
Fish with pronounced secondary characteristics
may therefore either have a relatively large index
ol asymmetry due to inappropriate developmen-
tal resources or a relatively low value if indica-
tors of sexual quality such as the size of sexual
characteristics and level of asymmetry are corre-
lated. No specific relationship between the size
of secondary sexual characteristics and level of
asymmetry can thus be predicted.

Hamilton and Zuk (1982) hypothesized that
there is a negative correlation between parasite
load and secondary scexual characteristics. No
correlation was detected between the size of the
secondary sexual characteristics of sockeye salmon
and weight of the dominant parasite, a nematode
Philonema oncorhynchi Kuitunen-Ekbaum in
several Alaskan populations (Berg et al. 1995).
However, the interrelationships between parasites,
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asymmetry and secondary sexual characteristics
were notexplored. The purpose of this study was
1o assess the amount of asvmmetry, primarily fluc-
tuating asymmetry, of a number of populations
of sockeye salmaon from a relatively unpolluted
and pristine area and correlate the asymmetry with
parasite load and accepted predictors of male so-
cial status.

Methods

We compared indicators of male quality (the length
of the male and the extent of development of sce-
ondary sexual charucteristics), with the degree of
asymmetry in several morphological traits in 310
male sockeye salmon from two oligotrophic Alas-
kan lakes. Lake Aleknagik and Hiamna Lake (Fig.
1). We also compared the degree of asymmetry
with parasite load in 255 of the fish (Berg et al.
1995). The sockeye salmon in these lakes were
selected for study because there is a large amount
of information on the populations, including age
structure (Rogers 1987; Blair et al. 1993). nmor-
phology (Bishop 1990: Wetzel 1993; Blair et al.
1993} and spawning behavior (Quinn and Foote
1994; Quinn et al. 19963, The study populations
are very abundant and productive. and are not on
the periphery of the species’ range, and thercfore
were probably not under extreme environmental
stress.

The fish were collected immediately before
spawning with beach seines or gill nets on or near
their spawning grounds between July 25 and
August 20, 1993, Sockeye salmon from two small
creeks draining into Lake Aleknagik. Yako Creek
and Happy Creek, were collected as they schooled
Just outside the creek mouths. Sockeye from
Hansen Creek. also on Lake Aleknagik, were
largely sampled among sockeye killed by brown
bears Ursus arcros L., but not eaten. Tn liamna
Lake, samples were collected at Finn Bay, Knutson
Bay, and Woody Tsland (for details sec Berg et
al. 1995). We attempted to sample the salmon at
the peak of their development of secondary sexual
characteristics (Quinn and Blair 1992) but the Finn
Bay fish were not fully mature in comparisen to
the other [liamna Lake populations. Fish were
processed s quickly as possible after capture.

The size or count of several bilateral charac-
ters was recerded to indicate asymmetry. The
number of branchiostegals (rays attached anteri-
orly to the hyoid bones, ventral to the gill cover)
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Figure |. Map of Alaska. showing the sampling locations.

is apparently set early in life (Gharrett and Smoker
1991), and these were counted on both sides. We
also measured several characters whose size or
number is more likely to be affected by environ-
mental conditions throughout development, in-
cluding pectoral and ventral fin lengths, and the
number of teeth on the upper and lower jaws. The
length of each pectoral fin was measured with
calipers as the distance (in mm) between the outer
margin of the pectoral fin and the distant edge
between the base of the fin and scapula (shoulder
bone). The length of each ventral fin was deter-
mingd between the outer margin of the fin along
the inner edge to the papilla at the base of the fin.
In the upper jaw there was a distinct gap in denti-
tion about cne-third of the way along the jaw from
the front. The number of teeth was determined
in this well-defined anterior area. These upper

jaw, frontal teeth should be of importance for fight-
ing capacity of males. We also counted the num-
ber of large teeth (> 3 mm}. The enlargement of
some teeth is a secondary sexuval characteristic
developed just prior to spawning.

Asymmetry of a character was calculated as
the absolute difference in the length (or count) of
the character between the right (R) and left (L)
sides. R-L distributions that depart significantly
from the statistical criteria for ideal fluctuating
asymmetry {mean of zero, normal distribution)
are unsuitable as descriptors of developmental
stability because a part of the asyminetry varia-
tion may have a genetic basis (Palmer and Strobeck
1992). Three characters {pectoral fin length. num-
ber of branchiostegals. total number of teeth) ex-
hibited significant directional asymmetry and were
therefore not utilized as indices of fluctuating
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asymmetry (Palmer and Strobeck 1992). Two other
characters (ventral fin length, number of big teeth)
showed no directional asymmetry or antisymmetry,
and were used o characterize fluctuating asym-
metry. Seven extreme obscrvations out of a total
of 4.960 (310 fish x 16 morphological measure-
ments) were discarded, as they were thought to
be cither recording errors or physical deformi-
ties unrelated to fluctuating asymmetry,

We selected several morphological features for
measurement on the basis of their involvement
in male displays. aggression, and social status
{Quinn and Foote 1994). These included length
{from the middle of the eyc to the end of the hypural
piate), and three secondary sexual characteristics:
body depth {perpendicular to the long axis of the
fish from the anterior insertion of the dorsal fin
Lo the belly). snout length (mid-eye to tip of up-
per jaw), consistent with Quinn and Blair (1992)
and Quinn and Foote (1994), and the number of
large teeth. As all three secondary sexual char-
acteristics were correlated with fish length. we
substituted the residuals of site-specific regres-
sions of these characters on body length for their
raw values (Quinn and Foote 1994).

Parasite load was measured as the wet weight
of the dominant macroparasite in these popula-
tions, the nematode Philonema oncorhynchi,
Parasites within the abdomen were readily vis-
ible and easily collected for later assessment (Berg
ctal. 1995), The distribution of parasite weights
was highly skewed, accordingly. the natural loga-
rithm of parasite load was used for all analyses.
Only | of 255 fish assessed for parasites had none,
to permit log transformation, the smallest observed

parasite load was substituted for this observation.
We calculated all possible correlations between
the four signals of male quality (length and the
residuals of the three secondary scxual charac-
teristics) and the hypothesized predictors of male
quality (fluctuating asymmetry and parasite load).
We also calculated the correlations between parasite
load and the degree of {luctuating asymmetry.

Results

There was marked variation within and between
sites in the size of morphometric or number of
meristic traits (Table 1}). Continuous characters
(body depth. snout length. fin lengths) were
strongly positively correlated with body length
(p <0.001). The number of small and large teeth
in the upper jaw was significantly correlared with
length (p < 0.001). The numbers of lower jaw
teeth count had correlations with length with p
ranging between 0.15 (not significant) and 0.0}
among the populations. Branchiostegal number
was not correlated with body length. The popu-
lations differed in mean length and many of the
inter-population differences disappeared when tish
length was accounted for, Analysis substituting
sea age (where most growth occurs) for body length
yielded similar patterns ol correlation and of sta-
tistical significance. Nevertheless, some traits
varied between Lake Aleknagik and Iliamna Lake,
notably body depth even after the effects of size
were removed (p < {1.03).

There were a number of inter-trait correlations
between the different characters within the pooled
material such as between number of upper (and
lower) jaw teeth and both pectoral and ventral fin

TABLE 1. Pooled {common) mean length/count of the dilferent characters from the ditterent sites, Fish. pecteral and ventral {in
lengths are in mm. while other characters are counts.

Length of  Pectoral Ventral Branchio- Upper Upper Lower Lower  Sumple

fish fin length  fin length stegals bigteeth  total teeth  bigeeth  (otal teeth  size®
Yake 449 838 61.3 13.2 279 7.6 34 17.6 30
Happyv 468 86.4 63.9 13.1 32 7.8 37 18.5 32
Hansen 449 827 11.9 3.2 7.7 33 55
Aleknagik 435 §5.3 62.7 12.7 30 7.7 3.5 18.1 157
Finn Bay 462 88.1 63.8 12.3 31 7.1 3.8 19.4 32
Knudson 498 96.2 63.9 12.6 3.3 77 33 175 60
Fucl Dump 459 887 66.6 13.2 3.0 7.1 36 17.7 61
Hiamna 475 91.8 67.1 12.8 31 7.4 3.6 17.8 153

* maximums—nol all measurements were obtained for every [ish
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TABLE 2. Pooied (common) mean ditference (right—Ileft side) lor measured bilateral characters in the ditferent populations

Pectoral fin length

Ventral fin length

Branchio-stegals Big teeth Total teeth

Yako -2.4 -1.0
Happy -1.7 0.2
Hansen -0.4

Aleknagik -1.5 .6
Finn Bay -0.5 -1.0
Knudson -0.5 -0
Fuel Dump (L8 0.3
Iliamna 0.6 0.0
All -1.1% -0.2

-0.9 -0.1 0.1
-0.6 02 0.4
-0.8 -0.2

-0.8 0.0 .2
-1.5 0.3 .5
-1.4 0.0 1.2
-1.2 0.4 1.2
-1.3 0.2 1.1
<1,0% 1 0.7%

* mean ditfers significantly from 0 (Mann-Whitney U test. p < 0.05)

size (p < 0.03). Three paired characters were
directionally asymmetric (Table 2) implying a
partial genetic basis Lo the asymmetry rather than
pure environmental influences (Palmer and
Strobeck 1992). Pectoral tin length and the number
of branchiostegals were greater (p < 0.0001, Mann-
Whitney U-test) on the left than on the right side,
whereas the total number of tecth was greater (p
<0.002. Mann-Whitney U-test) on the right side,
Ventral fin length and number of large teeth were
thus the two characters left where fluctuating asym-
metry could be detected and the six populations
exhibited similar patterns of asymmetry in the
measured traits,

Fluctuating asynmumnetry in ventral fin length
was weakly but significantly (p < 0.02) negatively
corrclated with the length of male sockeye {Table
3) and a similar but positive correlation (p < 0.02)
was found between another index of condition,
residual body depth. and fluctuating asymmetry
in the number of targe teeth. Other correlations
between indices of condition and the degree of
asymmetry varied in sign, but were not signifi-
cant, though there was a nearly significant nega-
tive relatdonship between the number of large teeth
and the aysmmetry in their counts (p < 0.06).
Overall. there was no consistent pattern of corre-
lations between signals of male quality and
fluctuating asymmetry. There were no correla-
tions (p > 0.03) between the logarithm of para-
site Philonema oncorhynchi weight and the four
indices of male condition (Table 3). Parasite load
was related to tluctuating asymmetry in the ven-
tral fin length {p < 0.05, r = (L17) but was not
related to fluctuating asymmetry in number of large
teeth (p > 0.03, r = 0.08).

TABLE 3. Correlation (r) between indices of male guality
and fluctuating asymmetry or parasite load

FA in FA'in In
ventral #big  (Parasie)
Indices of male quality length ceth load)
l.ength -0,13% 0.0] -0.04
Residual Hump 0.02 0.13% .07
Residual Snout 0.08 -0.03 -0.03
Residual # Big Teeth 0.04 -0.12 0.01
# = p<0.035
Discussion

Fluctuating asymmetry is considered to be an
epigenetic measure of the ability of individuals
to undergo identical development of a bilaterally
symmetrical character. The present study was
designated to get a reliable estimate of fluctuat-
ing asymmetry in a number of characters. A large
number of measurements (nearly 500{) should
provide a basis for a discussion of asymmetries
among the selected populations, Several authors
agree that antisymmetry and directional asym-
meltry may have a partial genetic basis, rendering
these forms of asymmetry uscless for studies of
developmental instability (see e.g. Palmer &
Strobeck 1986; Graham etal. 1993). Of five char-
acters investigated, three were directionally asym-
metric. Such paramecters are not used in the sta-
tistical basis for fluctuating asymmetries, as the
difference between sides probably reflect more
than simple developmental noise {e.g. Palmer
1996). Further comparisons among pepulations
of sockeye at more marginal areas of their range
should be performed with a wider character set,
where other (fluctuating ) asymmetric characters
could be included.
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The body length. weight and particularly body
depth varied between the pepulations from Lake
Aleknagik and lliamna Lake. Such an effect may
be explained by the fact that the Alekgnagik popu-
lations we sampled were creek-spawners, whereas
the populations sampled from [Tiamna Lake spawn
on beaches. The limited access to shallow creeks
by deep-bodicd males and size-selection preda-
tion by bears (Hanson 1992) have been hypoth-
esized to influence population-specific patterns
of size and morphology (Rogers 1987; Blair et
al. 1993; Quinn and Foote 1994).

Substituting sca age for body length did not
alter the significant correlations nor the interac-
tion between the factors. The results were there-
fore given us relationships with body size and not
with the factor sea age which is inlercorrelated
with size.

Genetic surveys of natural populations may
be insufficient to identify populations with ge-
netic problems or to detect the impact of envi-
ronmental stress on the population, The possi-
bility that a morphological approach using the
frequency and size of asymmetries can comple-
ment the biochemicul techniques for assessing
components of adaption of natural populations
(e.g. Sarre et al. 1994) is very attractive. A rap-
1dly growing literaturc indicates a correlation
between developmental instability and asymme-
try, implying that asymmetry might also be used
as an indicator of cnvironmental stress (e.g. Soule
1967: Palmer and Strobeck 1986; Parsons 1990;
Moller 1992a.b, Emlen etal. 1993), although some
authors have cautioned about comparisons between
taxonomic groups (Clarke 1997} or to the wide-
spread use of [luctuating asymmetry in a variety
ol comparisons (Palmer 1996). The populations
that we investigated showed similar levels of asym-
metry. We conclude that either stress does not
influence asymmetry in sockeye salmon or these
populitions are under similar levels of stress,

The question of honest signalling (i.e.. whether
individually variable traits reflect indices of fit-
ness like condition, energetic content or parasite
infection load of the animal) in mate choice situ-
ations has been treated in a number of investiga-
tions (e.g. Balmford et al. 1993; Evans 1993; Maller
and Pomiankowski 1993: Evans et al. 1995; Folstad
et al. 1996). Most studies have shown positive
correlations between presumably beneficial physi-
cal characters and reproductive success, but few
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experimental studies have been performed. Wiley
(1991) reviewed some of the experimental stud-
ies and concluded that behavior patterns rather
than morphology might explain differences in
reproduciive sucess.

Quinn and Foote (1994) found that body length
and especially body depth of Woody Island male
sockeye salmon were associated with spawning
ground status and reproductive opportunity. The
fitness of an individual is affected by many fac-
tors, and the size of morphological traits and lev-
els of asymmetry may correlate with fitness. Fit-
ness is, however, also influenced by vigor and
fish with relatively large investments in second-
ary characters may have less energy left for the
demanding reproductive behavior patterns. Some
of the morphological characters, notably teeth
counts, are developed at a late stage. when the
other secondary sexual characteristics are also
developed. The development of these features
may stress the fish, thus increasing asymmeiry.
Enlargement of the frontal teeth into secondary
sexual characteristics occurs at what could be a
stressful period in the life cycle. when salmon
are migrating from saltwater to freshwater, un-
dergoing major envirenmental, physiclogical and
morphological changes. Body depth becomes
exaggerated at this time and deep-bodied males
had less symmetrical counts of large teeth than
small males. However, Clarke (1995) reviewed
the evidence and concluded that there was inad-
equate evidence to support any application of fluc-
tuating asymmetry as a finess measurement. He
further questioned whether fluctuating asymme-
try should be used as a substitute for conventional
fitness measurements within conservation
programmes. Our results are consistent with those
conclusions.

Parasite load and the degree of fluctuating asymi-
metry in ventral fin length were significantly cor-
related. but not with asymmerty in the number of
large teeth. The parasites were acquired by juve-
nile salmon while they are rearing in freshwater
prior to seaward migration { Berg et al. 1995). There
was no relationship belween parasite load and
indices of male condition. Correlations were weak
and sometimes even positive, despite & wide range
in parasite loads (0—28 g: Berg ctal. 1995). The
maximum weight of parasites observed (28 g) was
less than 1% of the weight of the average salmon,
however, these loads constituted a large fraction




of the space available in the body cavity, obscur-
ing many of the organs. Parasitec weight of
Philonema oncorhynchi is not a useful indicator
of stress during the buildup of the secondary sexual
characteristics of the salmon.

Studies have reported positive and negative
evidence for relationships between parasite load
or fluctuating asymmetry and indices of fitness
(Holmes and Zohar 1990; Folstad and Karter 1992
Alados et al. 1995; Folstad et al. 1996; review by
Maller 1996) and meta-analysis has indicated
considerable variation in support for such hypuoth-
eses (e.g., Hamilton and Poulin 1997) . The ab-
sence of correlations in our study may contribute
to an assessment of the overall prevalence of such
phenomena as they provide a balance to the “posi-
tive” results that are more readily published. We
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