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We tested the hypothesis that the species-specific costs of migration differentially affect reproductive effort and
somatic cost of reproduction in sympatric anadromous populations of cisco (Coregonus artedii) and lake whitefish
(e. cIupeaformis) of James Bay. Reproductive effort, which includes the energy cost of migration, is higher for
cisco. Female cisco allocate. more energy to reproduction than its total energy gain. The energy invested by lake
whitefish in reproduction is approximately equal to its seasonal energy gain. Reproduction results in large dif-
ferences in the energy content of gonads, viscera, and carcass between reproductive and nonreproductive fish
of the same length. Neither cisco nor lake whitefish are able to spawn two years in succession. The somatic
energy increase of reproductive female cisco is 121% lower than the somatic energy increase of nonreproductive
females; similar comparisons are 89% (female) and 103% (male) for lake whitefish. The energy cost of migration
is largely responsible for the higher somatic cost of reproduction observed for cisco. These different somatic costs
of migration are related to resource accumulation prior to migration and to differences in the aerobic cost of
swimming between the two species in combination with the difficulty of the freshwater migration.

Nous avons testé l'hypothèse selon laquelle, le coût énergétique de la migration avait une influence importante
dans la détermination de l'effort reproducteur et du coût somatique de la reproduction chez les populations
sympatriques anadromes du cisco (Coregonus artedii) et du grand corégone (e. cIupeaformis) de la baie James
(Québec). L'effort reproducteur, qui inclue le coût énergétique de la migration, est supérieur dans le cas du cisco.
Les femelles du cisco allouent plus d'énergie à la reproduction qu'elles n'en accumulent au cours de la saison
alors que chez le grand corégone, l'énergie investie dans la reproduction est approximativement égale à l'aug-
mentation totale en énergie pendant la saison. De larges différences dans le contenu énergétique des gonades,
des viscères et de la carcasse entre les poissons reproducteurs et non-reproducteurs de même taille sont observées.
Le cisco et le grand corégone sont incapables de se reproduire pendant deux années consécutives. Les femelles
reproductrices du cisco ont un investissement somatique en énergie inférieur de 121% à celui des femelles non-
reproductrices; par comparaison, on observe des valeurs de 89% (femelle) et 103% (male) chez le grand coré-
gone. Le coût énergétique de la migration est en grande partie responsable du coût somatique plus élevé de la
reproduction chez le cisco. Cette différence dans le coût de la migration est reliée à l'accumulation d'énergie
avant la migration et au différent coût aérobique de natation entre les deux espèces, associé à la difficulté de la
migration en eau douce.
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The energy cost of anadromous migration is potentially an
important parameter of fish reproductive patterns. This
cost may influence fecundity. growth. and maintenance

because energy devoted to migration will reduce energy avail-
able for other functions (Glebe and Leggett 1981). The theo-
retical basis of our study on sympatric anadromous populations
of cisco (Coregonus artedii) and lake whitefish (c. clupeafor-
mis) of James Bay (Québec) is that migration and reproduction
are functionally related through partitioning of a limited energy
resource. We hypothesizéa that the energy cost of freshwater
migration. through its influence on reproductive effort and
somatic cost of reproduction. is an important parameter in
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determining different reproductive patterns of anadromous cor-
egonine populations.

Accessory activities. like spawning behavior. territoriality on
the spawning grounds or live bearing of young. may be more
important in reproductive effort than the production of gonads.
ln anadromous species. migration affects the somatic cost of
reproduction and survival. This is demonstrated by the exten-
sive energy depletion and high spawning and postspawning
mortality in many anadromous fish species (reviewed by Glebe
and Leggett 1981). Bell (1980) provides evidence of a corre-
lation between the degree of anadromy (migration distance) and
the rate of adult survival. The most anadromous species that
make extensive ocean migrations are semelparous whereas the
least anadromous species with oceanic migrations that are short
and confined to coastal and estuarine waters are all iteroparous.
However. the correlation between gonad/total weight ratio and
the rate of adult survival was weak. Similar gonadltotal weight
ratios were found in beth semelparous and iteroparous species
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suggesting the importance of the degree of anadromy in deter-
mining adult survival.

The anadromous populations of cisco and lake whitefish in
James Bay provide an excellent opportunity to study the con-
tribution of migration cost to reproductive effort and somatic
cost of reproduction. ln the Eastmain River (Fig. 1), cisco and
lake whitefish migrate the same distance and use the same
spawninggrounds. The cost of migration, based on weight loss
studies, is apparently high for both species largely due to the
long period (2-3) 010)fish spend in the river without feeding
prior to spawning (Dodson et al. 1985). ln addition, the 7-km
sectionof rapids fish mustascend to reach the spawninggrounds
may represent a major difficulty for both cisco and lake whi-
tefish. A low metabolic scope for activity combined with a high
netaerobiccost of swimming ledBernatchezand Dodson(1985)
to conclude that the swimming perfonnance of cisco and lake
whitefish was poor compared with most salmonids. The higher
net aerobic cost of swimming for cisco (Bernatchezand Dodson
1985) and its smaller size should result in a higher cost of
migration compared with lake whitefish.

The purpose of this study was to test the hypothesis that the
species-specific costs of migration differentially affect repro-
ductive effort and the somatic cost of reproduction for cisco
and lake whitefish. Because of their smaller size and greater
swimming costs, we proposed that cisco's migration costs
should be higher than those of lake whitefish resulting in a
higher somatic cost of reproduction.

The specific objectives of this study were: a) to estimate the
somaticcost of reproduction, firstby estimatingseasonalenergy
increase in reproductive and nonreproductive fish and second
by estimating the reduction in somatic energy increase caused
by reproductive effort; b) to estimate the importance of the
energy cost of migration in the somatic cost of reproduction
and; c) to calculate if the energy cost of migration was higher
in cisco resulting in a higher somatic cost of reproductioncom-
pared with lake whitefish.

Materials and Methods

Sampling

Seasonal migration patterns of cisco and lake whitefish were
documented between 1979 to 1981 by recording changes in
catch per unit effort and length composition of gill net samples
obtained from mid-May (spring thaw) to late October (winter
freeze-up) in the Eastmain River and adjacent areas (Lambert
and Dodson 1982a.b).

Seasonalchanges inenergycontent associated with migration
and reproduction were documented by quantifying absolute
changes in weight and energy content for reproductive and
nonreproductive fish sampled along their general migratory
route. As neithercisco nor lake whitefishappear to spawnyearly
once maturity is reached (Morin et al. 1982). reproductive and
nonreproductive fish of similar lengths are common in the
populations of both speCies.Sampling was conducted between

.. 1982and May 1983and concentrated on adult fish. Adult
fish were defined as fish which exceeded the length at which
50% of the fish were mature (>26 cm for cisco and >34 cm
for lake whitefish). Ten reproductive and 10 nonreproductive
adults of each sex and each species were sampled whenever
possible according to the following schedule: (a) spring break-
up (15-30 May 1982)at the mouth of the Eastmain River (Fig.
1) during seaward migration of both species following
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overwintering; (b) mid-July to the end of July along the coast
and in the vicinity of islands situated 15-20 km north of the
river during the feeding migration of both species; (c) mid-
August to the end of August at the mouth of the Eastman River
for the return migration of spawning adults and along the coast
north of the river for nonreproductiveadults; (d) mid-September
at the base of the first rapids (Fig. 1) for reproductive adults
and along the coast for nonreproductiveadults; (e) mid-October
to the end of October on the spawninggrounds for reproductive
adults and below the rapids and at the river's mouth for
nonreproductive adults entering into freshwater for
overwintering; (f) early November below the rapids for spent
fish; (g) spring break-up (May 1983) at the river's mouth to
complete one annual cycle. Fish identified as reproductive
individuals represent fish that were spawning in 1982. .

Nonreproductive females were identified in the spring of
1982by thepresence of unresorbedeggs and tlaccid appearance
of the ovaries. These fish spawned iri falll981 but were unable
to spawn in 1982. The identificationof nonreproductive males
in the spring of 1982 was more subjective and was based on
the tlaccid appearance of the testes. Between July and
November, maturity stages using the classification of Nikolskii
(1963) and the gonadosomatic index (weight of the gonads as
a proportionof body weight) wereused to identify reproductive
and nonreproductive fish. It is probable that fish identified as
nonreproductive individuals between July and November
include repeat spawners that had skipped spawning and late
maturing virgin fish that never spawned as the two groups are
indistinguishable during this period.

Sampling was done with experimental gill-nets measuring
45.7 m by 2.4 m and comprising six panels graded from 25 to
102mm mesh size (stretched measure). Aftercapture, fish were
kept on ice and were processed within 5 h. For each fish, fork
length wasmeasured to the nearest0.1 cm and otoliths removed
for age detennination. Gonad, viscera. liver, and carcass weight
(whole eviscerated body, including head, skeleton and muscle)
were recorded to the nearest 0.01 g and each tissue was
individuallyfrozen for further analysis of energy content in the
laboratory. A total of 672 fish were processed and kept for
energy content analysis.

Proximate Analysis

Energy content of each fish was detennined by the energy
equivalence of protein and fat content of gonad. liver. viscera
and carcass. Detenninations of protein. fat. and moisture con-
tent weremade for each tissue that had been previously homog-
enized (whole tissue). Detenninations were perfonned in dupli-
cate (two homogenized tissue samples) and a mean value was
calculatedexcept for tissues weighing less than 1g where only
one detennination each was made. The mean difference
between duplicate samples as percent of wet weight was less
than 1% for( rcass fat. protein. and moisture content. Forother
tissues. the mean difference between duplicate sampies for fat.
protein, and moisture content was less than 2%.

Moisturecontent was detennined by drying 1to 25 g samples
to a constant weight at 80°C. Fat content was detennined by
the method of Bligh and Dyer (1959) with samples of 25 g for
carcass tissue. Gonad. viscera. and liver fat contents were
detennined for 2-g samples by thecombination of two methods:
extraction according to Bligh and Dyer (1959) and detennina-
tion of fat content by the colorimetrie method by Kibrick and
Skupp (1953)as modified by Fales (1971). Total nitrogen con-
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Fia. 1. Location rnap of the Eastrnain River along the Eastern coast of James and Hudson bays with the indication of the spawning grounds for
cisco and lake whitefish and position of the rapids.

tent wasdetermined by micro-Kjeldahldigestion of 1-g samples
foIIowed by the Berthelot reaction (Haslemore and Rougham
1976;Outil 1982).Correction for nonprotein nitrogenwas done
for the carcass (Niimi 1972). Protein content was estimatedby
multiplying nitrogen vaIues by 6.25 (OowgiaIlo 1975).

Energy contents were determined by applying the energy
equivalents 2.4.104 J.g-I for protein and 4.0,104 J.g-I for fat
(Kleiber 1975).

Energy Changes

Changes in energy content of different tissues at successive
stages of migration were quantified by deriving linear regres-
sions of tissue energy content on length (Iogarithmie trans-
formed data) for reproductive and nonreprodu~tive fish of each
sex and species at each sampling sitealong the migratory route.
Comparisons of the appropriate significant Iinear regressions
were done by analysis of covariance (SokaI and Rohlf 1981).
When the Iinear regression was not significant (slope not sig-
nificantly different from 0). the mean value of tissue energy
content and length were caIculated. Comparisons between caI-
culated mean values and predieted vaIues of tissue energy con-
tent from linear regressions for the same length were done with
(-test (Zar 1974).

Fat. protein. and energy of carcass and viscera utilized during
freshwater migration and overwintering were estimated for both
sexes and species. CaIculations were made from observed val-
ues at the end of freshwater migration and overwintering and
caIculated values from linear regressions before freshwater
migration and overwintering. Relative levels offat, protein. and
energy content between reproductive and nonreproductive indi-
viduals at the end of the season (October) were also caIculated
from observed values of reproductive individuals and caIculated
values from linear regressions for nonreproductive individuals.
Interspecific comparisons were done with Maon-Whitney U-
test (Sokal and Rohlf 1981).

Absolute energy changes for each tissue were determined
from linear regressions at cach sampling site for a standard fish
of each species. The length of a standard reproductive or non-
reproductive fish corresponds to the observed mean length of
reproductive adults of each species at the time of spawning;
29.0 cm for cisco and 36.5 cm for lake whitefish. Otoliths were

used to ca1culate seasonal increase in length and the length of
standard fish at different periods of the season in order to take
into account the growth of the "standard" fish. Methods for
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age determination and caIculations of seasonaI increase in length
are described in Lambert and Oodson (1990).

Cost of Reproduction and Migration

Comparisons between somatie and reproductive investments
of "standard" reproductive fish captured along the migratory
route with those of "standard" nonreproductive fish were used
to estimate reproductive effort, cost of reproduction, and cost
of migration. These terms wereestimated with the basic param-
eters defined by Tuomi et ai. (1983):
1"= the somaticenergy increaseof nonreproductive fish (which

is equivaIent to the totaI energy gain of nonreproductive
fish)

1. = the somatic energy increase of reproductive fish
1, = the reproductive investment of reproductive fish
la = the totaI energy gain of reproductive fish (1. + 1,).

TotaI energy gain represents the proportion of ingested
energy (from feeding) available for growth and reproduction.
The difference in total energy gain between reproductive and
nonreproductive fish (Ra) was estimated by the difference
between total energy gain of reproductive fish and somatic
energy increase (total energy gain) of nonreproductive fish.
Reproductive effort (R~) was defined as the ratio of energy
investment in reproduction on the maximum somatie energy
contentof reproductive fish. Theabsolutecost to somaticenergy
increase caused by reproduction (R.) was estimated as the dif-
ference between somatic energy increase of reproductive and
nonreproductive fish. The somatie cost of reproduction (RE.)
was measured by the extent to which reproduction reduced the
somaticenergy increase of reproductive fish below the levelof
nonreproductive fish.

The importance of the reproductive migration on somatie
energy increase was estimated by evaluating migration effort
and by comparing energy loss for migration and energy invest-
ment in the gonads. Migration effort (MG) was defined as the
ratio of the energy loss for migration (MG) on the maximum
somatic energy content of reproductive fish.

The basie parameters were estimated by energy changes of
. 'standard" reproductiveand nonreproductivefish. The somatie
energy increase of nonreproductive fish (1,,)was caIculated as
the somatic energy increase (sum of carcass, viscera, and liver
energy content) of nonreproductive fish between May and
October 1982.The somaticenergy increaseof reproductive fish
(ls) was caIculated as the net somatie energy increase of repro-
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ductive fish between May and early November 1982 (after
spawning)following somatic energy depletioncaused by repro-
duction. The reproductive investment of reproductive fish (Ir)
was calculated as the sum of the energy increase in the gonads
(lg) between May and October 1982, the energy loss during
spawning (due to spawning behavior and return of fish below
the rapids after spawning) and the energy loss for migration
(MG). The energy loss for migration was calculated as the dif-
ference between the somatie energy loss during freshwater
migration (August to October for cisco and July to October for
lake whitefish) and the energy increase in gonads during the
sameperiodof time (lgm)'The energy loss for migrationbetween
Augustand October was also calculated for lake whitefish (Mg)
in order to compare the energy loss of both species during the
period which fish ascend the rapids. Finally, the total energy
gain of reproductive fish (la) was estimated as the sum of
somaticenergy increase and reproductive energy investmentof
reproductive fish.

The energy cost of overwintering (energy loss from Novem-
ber 1982 to May 1983; Wa for reproductive fish and Wn for
nonreproductivefish) was also calculated as a proportion of the
maximumenergy content for both reproductive and nonreprod-
uctive fish. The total energy expenditures for migration, repro-
duction. and overwintering (TECr) were also expressed as a
proportion of the maximum energy content.

Results

Increase in Length and Energy Changes

Withinspecies, reproductiveand nonreproductiveindividuals
of both sexes of the most abundant age classes (cisco, 5 to 6
yr. lake whitefish 6 to 7 yr) showed similar increases (P>O.05)
in length over the growing season (Table 1). Nonreproductive
individualsdid not appear to devote any of their surplus energy
to increase their length. However, differences (P<O.05) in
energy content between reproductive and nonreprpductive
individualswere obsetVedduring the growing season (Fig. 2).
ln May 1982, nonreproductive individuals of each sex (except
for female lake whitefish) had lower energy content (P<O.05)
than reproductive individuals measuring the same length. By
the end of October nonreproductive fish had higher energy
Content (P<O.05) than reproductive fish due to the later's
energy loss associated with freshwater migration and gonad
maturation.

Cm. 1. Fish. Al/lltI'. Sei.. Vol. .J7. 1990

Cisco
ln cisco, a significant increase(P<O.05) in total and somatie

energy content was observed between May and August for
reproductive fish prior to freshwater migration (Fig. 2). From
August until November, when the fish spawn, there was a sig-
nificant decline (P<O.05) in somatic energy content. During
the same period, the energy content of the gonads increased to
reach a maximum at the end of October (Fig. 3). Finally a
decrease (P<O.05) in somatic energy content was observed
during the winter (beginning of November to the end of May).
ln nonreproductive cisco, energy content increased (P<O.05)
betweenMay and October followedby a dec1ine(P<O.05) dur-
ing the winter.

ln nonreproductive fish, no changes in gonad energy content
(P>O.05) were observed during the season (Fig. 3). ln repro-
ductive females, maximum gonad energy content was reached
near the end of October prior to spawning (387 kJ). Gonad
development was not complete at river entry. An increase of
217 kJ (128%) in gonad energy content was observed between
the end of August and the end of October during freshwater
migrationfor females (Fig. 3). ln males, the energy investment
in the testes was much less (6 kJ) and the energy increase during
freshwater migration was lower (32%).

Associated with maturation and freshwater migration, sig-
nificant differences in carcass and viscera energy content were
observed between reproductive and nonreproductive fish. ln
nonreproductive fish, increases in carcass and viscera energy
content (P<O.05) occured during the summer and energy levels
remained relatively stable until the end of October (Fig. 3). ln
reproductive fish, carcass and viscera energy (P<O.05)
increasedduring the summer with the maximum level observed
at the end of August. During the freshwater migration, carcass
and viscera energy content dec1ined(P<O.05). ln female cisco
(Fig. 3) carcass energy content decreased by 901 kJ (48%) and
viscera energy content by 66 kJ (63%).

Carcass was the main source of energy used to complete
gonad maturationand to fuel the freshwatermigration. ln female
cisco, carcass energy decrease represented 92% of the total
energy losscompared with 7% for viscera and only 1% for Iiver.
ln male cisco, the carcass energy decrease was 381 kJ (22%)
but spent fish could not be sampled because the lower part of
the Eastmain River froze before the end of spawning. As
spawning activities can be costly. carcass energy decrease for
male cisco was underestimated because the spawning period
was missed. Even though underestimated, carcass energy was
the main source of energy used during freshwater migration for
male cisco and represented 83't of the total energy loss. The
dec1inein viscera energy (67 Id) for male cisco was similar to
that of females following spawningsuggesting that most of the
energy available had been used prior to spawning. ln fact, the
energy level in male viscera did not change (P>O.05) from
October 1982to May 1983(Fig. 3).

Comparisons between reproductive and nonreproductive
cisco show that fish that did not reproduce reached (P<O.05)
higher carcass and viscera energy levels in October even though
they had significantly lower carcass and viscera energy in May
(Fig. 3). After spawning (November). carcass and viscera
energy reserves of reproductive females represented 58 and
17%, respectively of the carcass and viscera energy content of
nonreproductive females. ln males. carcass and viscera energy
of reproductive individuals prior to spawning in October were
also lower (72% of carcass energy and 23% of viscera energy)
than those of nonreproductive males (Fig. 3).

TABLE 1. Mean increase in length (mm) of reproductive (R) and non-
reproductive (NR) cisco and lake whitefish of each sex of the same
age. Cisco, 5 to 6 yr, lake whitefish, 6 to 7 yr.

Mean (mm) SD n

Cisco
Female R 8.7 3.6 27

NR 9.9 5.0 24
Male R 10.9 5.7 36

NR 11.2 3.3 10

Lake Whitefish
Female R 14.1 5.5 26

NR 15.1 6.0 23
Male R 15.8 7.0 33

NR 18.0 6.3 9
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FIG. 2. Total and somatic content of standard reproductive (R) and nonreproductive (NR) cisco and lake whitefish sampled from May 1982 ta

May 1983 along their migratory route. Upper line (cIosed dots) indicates total energy content and lower line (open dots) indicates somatic energy

content. Vertical bars indicate standard errors of totalenergy content derived from regression analysis. Regressions were significantat P<O.05

level except as indicated by + where O.05<P<0.1O and by + + where the regression was not significant;in such a case the mean value was

presented. This convention isrepeated in subsequent figures.

During overwintering, nonreproductive cisco rely on their
carcass and viscera energy reserves but reproductive fish draw
energy from their carcass energy reserves only (Fig. 3). ln non-
reproductive female and male cisco, 19 and 20%. respectively
of the energy lost during winter came from the viscera energy
reserves.

Lake whilefish

ln lake whitefish, the same general pattern of total and
somatic energy changes were observed (Fig. 2). The only dif-
ference with cisco was that the maximum energy level of repro-
ductive fish was reached at the end of July instead of August.
The analysis of variations in energy content of the different
tissues (Fig. 4) indicate that female lake whitefish invested
energy in gonads during freshwater migration. The increase in
energy content of gonads between August and October was 347
kJ representing an increase of 66%. ln males. the maximum

energy content in the testes was observed before the freshwater
migration (Fig. 4). The apparent energy decrease in testes dur-
ing freshwater migration was not significant (P>0.05).

ln nonreproductive males and females, significant increases
in carcass and viscera energy content (P<0.05) occured
between May and October 1982.

ln reproductivemales and females,carcass reserves were also
the main source of energy to complete gonad maturation and
freshwater migration. Carcass energy decrease of male and
female lake whitefish represented 78% (895 Id) and 75% (1172
Id). respectively of the total energy lost during freshwater
migration (Fig. 4). Viscera energy reserves used by male and
female lake whitefish represent 19% (218 Id) and 22% (345
kJ) of the total energy expended during freshwater migration.
The liver was not an important organ for storage of energy.
representing only 3% (48 kJ) of the energy used during fresh-
water migration.
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Flo. 3. Energy content (19) itî'ihe different tissues of standard reproductive (-. -) and nonreproductive (- 0 -) cisco sampled from May 1982 to
May 1983along their migratory route. Solid horizontal lines represent the period of time between the beginning of migration and the beginning
of spawning.

While overwintering. nonreproductive lake whitefish used
both their carcass and viscera energy reserves whereas repro-
ductive individuals used only carcass energy reserves. Viscera
energy reserves represent 16 (male) and 33% (female) of the
total energy loss during the overwintering period for nonre-

productive lake whitefish (Fig. 4).

lnterspecific comparisons
Female lake whitefish used a smaller proportion of their car-

cass energy reserves and a greater proportion of their viscera
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FIG. 4. Energy content (kJ)"fnthe different tissuesof standard reproductive (-. -)and nonreproductive (-0 -)lake whitefish sampled from May

1982 to May 1983 along their migratory route. Solid horizontallines represent the period of lime between the beginning of migration and the

beginning of spawning.

energy reserves than did female cisco. Based on tissue energy
content following freshwaler migration and spawning (Fig. 5),
femaJe Jake whitefish carcass and viscera energy decreased by
34 and 75%. respectiveJy compared 1049 and 61% for femaJe

cisco. Comparisons between males after spawning cou Id not be
made because of the incomplete sampling of male cisco. How-
ever. comparisons of the data before spawning (Fig. 5) indicate
that male Jake whitefish used a greater proportion of their vis-
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cera energy reserves (64% for lake whitefish compared with
47% for male cisco) and a comparable proportion of their car-
cass energy reserves.

As in cisco. nonreproductive lake whitefish reached signif-
icantly higher carcass and viscera energy levels by October (Fig.
4). The carcass energy content of reproductive female lake whi-
tefish after spawning was only 75% of the carcass energy con-
tent of nonreproductive fish (Fig. 6). Viscera energy content
was also lower representing 33% of the viscera energy content
of nonreproductive fish (Fig. 6) Compared with female cisco,
the proportionaI loss of carcass and viscera energy of repro-
ductive fish compared with nonreproductive fish was smaller
for lake whitefish. The éarcass energy content of reproductive
female cisco represented 58% of the carcass energy content of
nonreproductive females and viscera energy content only 17%
of the viscera energy content of nonreproductive females. Com-
pari sons for males before spawning also demonstrated a higher
proportional loss of carcass and viscera energy of cisco in
reproductive fish compared with nonreproductive fish (Fig. 6).
However. the difference in the ratio of viscera energy of repro-

*

MlJSa..E VISCERA

MALE

*

MlJSa..E VISCERA
FIG. 6. Carcass and viscera energy content of reproductive male and
female cisco and lake whitefish as proportions of carcass and viscera
energy conteDl of nonreproductive cisco and lake whitefish at the end
of October. Values are after spawning for females and before spawning
for males. Symbols as in Fig. 5.

ductive male on nonreproductive male was not significant
betweenthe two species.

During winter. reproductive fish of both species relied on
their carcassenergy reservesonly whereasnonreproductive fish
usedboth their carcassand viscera energy reserves(Hg. 3 and
4).

Proximate Composition

Gonads

White gonad fat and protein content of nonreproductive fish
remained quite stable. gonad fat and protein content of repro-
ductive fish increased significantly from May to Detober (Table
2). ln reproductivefemalesofboth species. fat and protein con-
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TABLE2. Proximate composition of the gonads of standard reproductive (REP) and nonreproductive
(NRP) cisco and lake whitefish from May 1982to May 1983. Numbers in parentheses indicate standard
errors.
--::-:=

1982 (mid) 1983
Gonads May July Aug. Sept. Oct. Nov. May

Cisco

Percent moisture FemaIe REP 72.7 66.6 59.3 58.7 61.4 84.7 83.8
(0.9) (1.4) (1.2) (0.9) (1.7) (3.0) (0.9)

NRP 82.7 - 69.3 67.4 69.6 - 71.0
(2.3) (1.6) (1.7) (1.2) (1.3)

Male REP 77.7 79.5 79.2 72.0 77.8 - 77.6
(0.8) (0.5) (0.4) (0.9) (0.9) (0.6)

NRP 80.7 - - 87.3 75.4 - 75.3
(0.8) (6.2) (0.4) (0.8)

Fat content (g) Female REP 0.3 0.7 2.7 4.6 5.6 0.6 0.1
(0.1) (0.1) (0.2) (2.1) (0.3) (0.1) (0.1)

NRP 0.1 - 0.3 0.4 0.4 - 0.2
(0.1) (0.1) (0.2) (0.1) (0.2)

Male REP 0.05 0.1 0.2 0.4 0.4 - 0.02
(0.02) (0.1) (0.1) (0.1) (0.3) (0.02)

NRP 0.04 - - 0.05 0.04 - 0.01
(0.03) (0.01) (0.03) (0.01)

Proteincontent(g) Female REP 0.3 0.6 2.2 4.9 .7.1 0.4 0.2
(0.1) (0.1) (0.2) (0.3) (0.3) (0.1) (0.1)

NRP 0.2 - 0.3 0.4 0.2 - 0.4
(0.1) (0.1) (0.1) (0.1) (0.1)

Male REP 0.1 0.4 0.5 1.0 0.5 - 0.1
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

NRP 0.1 - - 0.05 0.04 - 0.1
(0.1) (0.04) (0.02) (0.1)

LakeWhitefish

Percent moisture Female REP 82.3 66.4 61.2 - 60.6 84.3 85.2
(0.7) (1.3) (1.1) (0.9) (0.5) (0.6)

NRP 84.5 82.8 - 80.6 79.8 - 81.0
(0.8) (0.2) (0.8) (0.6) (0.8)

Male REP 82.0 79.8 77.8 72.5 72.9 81.8 81.0
(1.0) (0.7) (0.9) (0.5) (1.0) (0.8) (0.9)

NRP 76.8 80.6 - 77.4 79.8 - 79.7
(2.4) (0.2) (0.2) (0.6) (0.7)

Fat content (g) Female REP 0.03 2.7 7.8 - 11.8 0.4 0.3
(0.02) (0.3) (2.2) (0.7) (0.2) (0.1)

NRP 0.1 0.02 - 0.1 0.1 - 0.4
(0.1) (0.02) (0.1) (0.1) (0.1)

Male REP 0.02 0.2 0.4 0.3 0.4 0.2 0.2
(0.02) (0.1) (0.1) (0.1) (0.1) (0.2) (0.1)

NRP 0.04 0.04 - 0.05 0.1 - 0.1
(0.02) (0.02) (0.04) (0.1) (0.1)

Protein content (g) Female REP 0.3 3.4 10.8 - 16.1 1.0 0.4
(0.1) (0.7) (0.5) (2.3) (0.9) (0.1)

NRP 0.7 0.2 - 0.3 0.3 - 0.4
(0.1) (0.1) (0.1) (0.1) (0.1)

Male REP 0.1 1.2 1.9 1.0 1.2 0.3 0.1
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

NRP 0.2 0.1 - 0.1 0.1 - 0.1
,/ (0.1) (0.1) (0.1) (0.1) (0.1)

tent increased (P<O.05) during feeding (May to August) and the maximum fat and protein content of the testes were attained
freshwater migration (August and October). Conversely. per- earlier than in females. ln male cisco. maximum fat and protein
cent moisture decreased (P<O.05) during the same period. content were reached at the end of September whereas in male
After spawning (beginning of November) gonad fat and protein lake whitefish maximum values were attained at the end of
content decreased (P<O.05) and reached values similar to those August (Table 2). ln reproductive males ofboth species. protein
of nonreproductive fish. ln reproductive males of both species. content decreased (P<O.05) before spawning.
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TABLE3. Proximate composition of the carcass of standard reproductive (REP) and nonreproductive
(NRP) cisco and lake whitefish from May 1982to May 1983. Numbers in parentheses indicate standard
erro.

1982 (mid) 1983
Carcass May July Aug. Sept. Oct. Nov. May

Cisco

Percent moisture Female REP 69.0 69.3 68.9 74.0 74.8 79.0 75.6
(0.7) (1.0) (0.6) (2.4) (0.6) (0.1) (0.5)

NRP 73.5 - 69.4 69.7 69.8 - 70.4
(1.7) (0.6) (0.8) (0.3) (0.3)

Male REP 70.8 67.4 68.3 70.3 74.0 - 76.2
-.......

(1.2) (0.9) (0.5) (1.6) (0.3) (0.3)
NRP 73.6 - - 71.3 68.3 - 69.7

(0.7) (0.7) (0.9) (0.8)

Fat content (g) Female REP 10.1 13.8 21.4 13.4 7.1 3.6 2.3
(0.8) (1.6) (1.3) (8.0) (1.0) (0.1) (0.4)

NRP 3.9 - 20.0 19.4 15.5 - 12.3
(3.4) (U) (U) (1.4) (0.7)

Male REP 8.3 16.4 20.9 21.6 11.0 - 1.7
(5.4) (0.8) (0.7) (3.9) (0.6) (0.1)

NRP 2.0 - - 2Ll 21.6 - 14.0
(0.3) (3.2) (4.1) (6.2)

Proteincontent(g) Female REP 30.7 38.7 41.3 36.5 33.5 35.2 27.1
(1.0) (Ll) (1.6) (2.8) (1.9) (2.9) (0.9)

NRP 23.4 - 42.9 45.4 41.4 - 37.3
(2.2) (1.2) (1.2) (0.9) (1.3)

Male REP 31.7 41.2 39.2 43.4 39.3 - 25.8
(0.9) (Ll) (2.8) (1.6) (1.9) (1.2)

NRP 24.2 - - 40.9 45.2 - 36.0
(U) (0.7) (2.3) (1.0)

Lake Whitefish
-

Percent moisture Female REP 69.9 67.0 71.3 - 75.1 74.0 74.5
(0.5) (0.6) (1.0) (0.7) (0.6) (0.7)

NRP 73.4 71.5 - 71.5 71.4 - 69.7
(1.3) (1.3) (1.0) (0.7) (0.5)

Male REP 70.3 67.7 72.0 73.8 72.9 73.7 74.9
(0.6) (0.5) (0.5) (0.7) (0.3) (0.6) (0.5)

NRP 74.5 70.8 - 71.9 71.5 - 72.2
(1.2) (0.1) (0.7) (0.4) (0.6)

Fat content (g) Female REP 16.2 33.8 26.6 - 17.2 18.7 5.1
(5.4) (1.6) (3.3) (6.1) (5.8) (1.8)

NRP 9.3 21.3 - 27.0 28.0 - 26.5
(6.9) (6.9) (2.6) (3.3) (3.4)

Male REP 17.9 32.3 26.4 19.1 19.2 12.8 7.5
(12.1) (1.6) (3.3) (3.8) (3.4) (1.2) (4.2)

NRP 6.5 28.7 - 28.0 25.7 - 15.3
(2.0) (U) (2.6) (7.5) (5.8)

Protein content (g) Female REP 59.2 86.6 74.9 - 70.6 73.7 51.6
(2.5) (5.2) (7.1) (1.7) (3.4) (4.5)

NRP 59.0 64.8 - 76.3 76.5 - 68.5
(3.1) (6.1) (3.8) (6.4) (4.9)

Male REP 67.9 80.8 81.2 80.2 82.0 74.0 43.9
(1.9) (3.8) (6.2) (U) (1.9) (2.1) (2.9)

./ NRP 63.7 82.0 - 84.1 89.9 - 70.6

Carcass tion, both carcass fat and protein were utilized. However, fat
Carcass fat and protein increased (P<O.05) during the sea- represented 83% of the carcass energy reservesthat were used.

son for nonreproductive male and female cisco with peaks at As a result of the extensive use of carcass fat for gonad matur-
the end or near the end of October (Table 3). ln reproductive ation and migration. carcass protein was the main source of
female cisco. carcass fat and protein reached their maximum energy for the overwintering period for reproductive females,
values in August prior to river entry. During freshwatermigra- representing94Ckof the somaticenergy reservesthat were used.
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FIG. 7. Relative carcass lipid and protein decrease for cisco and lake
whitefish during freshwater migration (after spawning for females and
before spawning for males) and overwintering. Significant differences
between the two species are indicated by an asterisk (Mann-Whitney
U-test; P<O.05).

ln nonreproductivefemales carcass fat and proteinwere utilised
to the sameextent during the overwintering period. The decline
in energy produced by the decrease of carcass fat represented
53% of the carcass energy loss for nonreproductive females.

ln reproductive male cisco, only carcass fat was used during
freshwater migration, carcass protein content remainingalmost
constant during the same period (Table 3). By the following
spring, both carcass fat and protein had decreased (P<O.05).
Nonreproductive males also used both carcass fat (58% of the
carcass energy loss) and protein during the overwintering
period.

ln nonreproductive lake whitefish, carcass fat and protein
increased (P<O.05) from May to October, ln reproductive
females. the maximum levels of fat and protein were reached
in July and decreased (P<O.05) during gonad maturation,
freshwater migration and spawning (Table 3). Carcass fat rep-
resented 66'k of the carcass energy reserves that were used.
However. no differences (P<O.05) in carcass protein content
were observed between reproductive and nonreproductive
females in October. Conversely, the carcass fat level of repro-
ductive females was lowe-r(P<O.05) than that of nonreprod-
uctive females. During the overwintering period. carcass fat
and protein were used by both reproductive and nonreproduc-
tive females.

ln reproductive male lake whitefish, carcass protein content
did not change (P>O.05) during gonad maturation and fresh-
water migration but decreased (P<O.05) during spawning
(Table 3). Carcass fat decreased (P<O.05) during freshwater
migrationand spawning. Carcass fat and protein le~elsin repro-

FAT PROTElN
FIG. 8. Carcass lipid and protein content of reproductive male and
female cisco and lake whitefish as proportions of carcass lipid and
protein content of nonreproductivecisco and lake whitefish at the end
of October. Valuesare after spawning for females and beforespawning
for males. Symbols as in Fig. 7.

ductive males after spawning were lower (P<O.05) than in non-
reproductive males. Like females, reproductive and nonreprod-
uctive males used both carcass fat and protein during the winter.

lnterspecific comparisons indicate that female lake whitefish
used a smaller proportion of their carcass fat reserves than
female cisco during migration and reproduction (Fig. 7). Female
lake whitefish used 49% of their carcass fat reserves compared
with 83% for female cisco. As a consequence. reproductive
female lake whitefish still had carcass fat reserves that could

be used during winter. Carcass fat decreased by 36% during
winter in lake whitefish whereas in cisco, carcass fat reserves
decreased by only 6% (Fig. 7). Compared with nonreproductive
females, the depletion in carcass fat and protein after spawning
was less acute for female lake whitefish than for female cisco

(Fig. 8). Carcass fat and protein content of reproductive females
as a proportion of carcass fat and protein content of nonre-
productive females were significantly lower for cisco (Fig. 8).

No significant differences in carcass fat and protein used dur-
ing freshwater migration were observed between male cisco and
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TABLE4. Proximate composition of the viscera of standard reproductive (REP) and nonreproductive(NRP) cisco and lake whitefish from
May 1982to May 1983. Numbers in parenthesis indicate standard errors.

1982 (mid) 1983
Viscera May July Aug. Sept. Oct. Nov. May

Cisco

Percent moisture Female REP 71.5 71.3 68.7 74.8 78.9 82.4 78.9
(1.2) (2.0) (1.5) (1.7) (0.6) (0.8) (0.8)

NRP 77.9 - 64.8 64.2 64.3 - 77.4
(2.2) (2.1) (1.9) (3.7) (5.8)

Male REP 75.8 66.1 62.6 64.6 70.2 - 79.2
(2.4) (1.7) (1.8) (4.0) (0.7) (0.5)

NRP 81.2 - - 67.3 55.6 - 62.8--
(0.5) (7.0) (7.5) (2.9)"-

"-
0.1Fat content (g) Female REP 0.9 1.5 1.6 0.6 0.3 0.2

(0.1) (0.2) (0.8) (0.4) (0.2) (0.1) (0.1)
NRP 0.3 - 1.0 2.3 2.1 - 0.9

(0.2) (0.2) (0.9) (0.3) (0.3)
Male REP 0.3 2.1 1.9 2.1 0.7 - 0.02

(0.1) (0.2) (0.4) (1.8) (0.1) (0.02)
NRP 0.3 - - 3.0 4.6 - 1.3

(0.2) (2.0) (1.1) (1.0)

Protein content (g) Female REP 1.2 1.3 1.4 1.4 0.9 0.7 1.0
(0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)

NRP 1.3 - 1.3 2.2 1.7 - 1.6
(0.3) (0.3) (0.5) (0.2) (0.5)

Male REP 1.1 1.2 1.3 1.2 0.9 - 1.1
(0.1) (0.1) (0.3) (0.1) (0.1) (0.1)

NRP 1.0 - - 1.9 1.6 - 1.5
(0.1) (0.2) (0.7) (0.4)

Lake Whitefish

Percent moisture Female REP 76.3 67.7 65.0 - 79.3 78.6 79.0
(0.6) (6.3) (4.0) (0.7) (0.4) (0.4)

NRP 79.0 69.7 - 60.8 59.6 - 70.7
(1.4) (2.4) (3.8) (3.3) (1.1)

Male REJ> 75.1 68.4 70.2 79.2 77.6 78.3 79.3
(3.7) (1.4) (0.8) (0.8) (0.8) (0.7) (0.4)

NRP 80.5 68.4 - 70.6 64.6 - 75.0
(1.0) (2.0) (1.8) (1.9) (1.5)

Fat content (g) Female REP 1.7 9.0 4.1 - 1.1 0.6 0.3
(0.9) (4.2) (3.4) (0.7) (0.5) (0.1)

NRP 0.7 4.6 - 4.7 5.9 - 2.8
(0.6) (0.7) (1.0) (0.8) (0.7)

Male REP 1.7 5.9 3.7 2.0 1.2 0.9 0.3
(1.2) (3.3) (0.6) (1.8) (0.9) (0.8) (0.2)

NRP 0.9 4.4 - 3.8 4.0 - 1.3
(0.7) (0.4) (1.8) (1.0) (1.1)

Protein content (g) Female REP 4.4 6.3 5.3 - 2.9 3.8 4.8
(0.3) (0.8) (0.5) (0.2) (0.3) (0.2)

NRP 4.1 5.8 - 4.3 4.7 - .U
(0.5) (0.6) (o..n (0.3) (0.2)

Male REP 4.2 5.9 4.9 4.1 3.0 3.1 4.6
(0.3) (0.3) (0.4) CO.\) (0.2) CO.:!) CO.:!)

NRP 3.6 4.2 - 7.5 3.9 - 4.9
(0.3) (0.2) (\ .0) (1.0) (0.3)

lake whitefish (Fig. 7). However, during the period covering used 90% of their viscera fat and 63% of their viscera protein.
spawning and overwintering, carcass fat reserves dec1ined to a ln reproductive males. these percentages were lower (64% of
greater extent in male cisco (Fig. 7). Carcass fat reserves of viscera fat and 27% of viscera protein) but these values are
reproductive male ciss a proportion of carcass fat reserves probably underestimated. As a consequence. viscera fat and
of nonreproductive.m e cisco were also significantly lower than protein content of reproductive cisco were lower (P<O. 05) than
in male lake whitefish (Fig. 8). in nonreproductive cisco at the end of October except for vis-

ln both species. significant variations in percent moisture of
cera protein content of reproductive and nonreproductive malethe carcass were observed. Changes in percent moisture were
cisco. The viscera fat content of nonreproductive cisco is usedthe inverse of changes in carcass fat and protein levels (Table 3).
to cover a part of the energy demands of overwintering while

Viscera viscera protein did not vary significantly (Table 4). ln repro-
ln reproductive cisco. both viscera fat and protein were used ductive cisco. slight changes in viscera fat and protein content

during the freshwater migration (Table 4). Reproductive females

r,UI 1 F,;, \ ,,/,., ç" 1',' r ,oon



between Novemberand May were observed but thesevariations
were not significant.

ln lake whitefish, viscera fat and protein were also used
extensively by reproductive individuals during gonad matura-
tion and migration (Table 4). Male and female lake whitefish
used 85 and 93% of their viscera fat, respectively and 47 and
39% ofthe viscera protein, respectively. By theend of October,
viscera fat and protein content were lower in reproductivefish
compared with nonreproductiveones (P<0.05) except for vis-
cera protein content of male lake whitefish. As in cisco, non-
reproductive lake whitefish used their viscera fat reserves to
cover part of the energy cost of overwintering. The decrease in
viscera fat represents 91 to 100% of the viscera energy loss
during overwintering. Viscera protein content did not change
during that period. ln reproductive lake whitefish, changes in'
viscera fat and protein during the winter were not significant.
The changes in percent moisture of viscera for cisco and lake
whitefish were the inverse of changes in viscera fatand protein.

Reproductive Effort and Somatic Cost of Reproduction

Differences in total energy gain and somatic energy increase
between reproductive (la. ls)and nonreproductive (ln)cisco and
lake whitefish were observed (Table 5). The somatic energy
increase of nonreproductive fish (ln;equivalent to total energy
gain) was higher than the total energy gain of reproductivefish
(la) except for female lake whitefish where somatic energy
increase of nonreproductivefemales was lowerthantotalenergy
gain of reproductive females.

Reproductive effort (R~)indicates that the energy investment
in reproduction by female cisco represented 58% of their
somatie energy content and for males, 25% of their somatic
energy content (Table 5). ln male cisco, however.reproductive
effort was underestimatedbecause the energy cost of spawning
activities could not be estimated. ln lake whitefish. the energy
invested in reproduction represented 44% (female) and 35%
(male) of their somatie energy content.

On a comparative basis. reproductive effort in female cisco
was higher than male and female lake whitefish. Female cisco
allocated moreenergy to reproduction (l,) than theirtotalenergy
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gain (la) whereas in lake whitefish the energy invested in repro-
duction was less or almost equal to the total energy gain during
the season.

The energy investment in reproduction (l,) in all cases was
higher than the difference in total energy gain between repro-
ductive and nonreproductive fish (Ra)' Therefore, energy
investment in reproduction was at the cost of somatic energy
increase (Table 5). The somatic cost of reproduction indicates
that somatie energy increase of reproductive fish was in ail cases
lower than the somatie energy increase of nonreproductive fish.
Expressed in relative terms (REs)' reproduction of female cisco
resulted in a reduction of somatic energy increase equal to 121%
of the somatic energy increase of nonreproductive fish (Table
5). ln the case of female lake whitefish, reproduction reduced
somatie energy increase by 89% of the somatie energy increase
of nonreproductive fish.

Considering the energy cost of overwintering, reproductive
males and females of both species consumed 61 and 67% of
the somatie energy content they reached before migration to
meet the energy demands of reproduction and overwintering
(TEC" Table 5). The energy loss during winter was lower for
reproductive female cisco (Wu) than for nonreproductive female
cisco (Wn). ln lake whitefish, the energy loss during winter of
reproductive and nonreproductive individuals was comparable.

Cost of Migration

During the freshwater migration of both species. the energy
cost of migration was higher than the energy invested in gonads
and higher in female cisco than in female lake whitefish (MGI

19m.Table 6). ln males of both cisco and lake whitefish. the
energy cost of migration was almost the only cost of reproduc-
tion representing respectively 76 and 146 times more energy
than the energy invested in the testes.

The energy cost of migration was higher than the total energy
investment in the gonads (164%) for female cisco and equal to
the total energy investment in the gonads (102%) for female
lake whitefish (MGllg, Table 6). The energy cost of migration
represented 20 to 29% of the somatic energy content of repro-
ductive fish of both species. The migratory effort (MG~) also
indieates that cisco expended more energy for migration than
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TABLE5. Energy gain, reproductiveeffort. somatic cost of reproduc- TABLE6. Relative importance of energy investment in migration and
tion, and overwinteringcost for male and female cisco and lake white- migration effort for male and female cisco and lake whitefish. MG
fish. For the definition of tenns see text. represents the energy loss for migration between August and October

Cisco Lake Whitefish for cisco and between July and October for lake whitefish. Mg rep-

Total and somatic resenting the energy loss for migration between August and October

energy gain Female Male Female Male for lake whitefish was also calculated in order to compare the two
species for the period during which fish ascend the rapids. MG. and

1. (kJ) 1273. 1471. 1566. 1608. Mg. are calculated from the corresponding MG and Mg values.
ls (kJ) -271. <218. 166. -48. Relative Cisco Lake Whitefish
l, (kJ) 1144. >469. 1747. 1274.

importance
lu (kJ) 873. 688. 1912. 1226.

of migration Female Male Female Male
Ru (kJ) -401. -784. 346. -382.

Reproductive effort and somatic cost
MG (kJ) 585. 450. 883. 731.
Mg (kJ) 557. 467.

R, (%) 58. >25. 44. 35. MGIIN 1.64 22.78 1.02 12.99

(kJlkg) 3727. >1597. 2885. 2008. MGlIgm 2.70 75.53 1.30 146.07

R, (kJ) 1544. > 1253. 1401. 1656.
Migration effort

REs (%) 121. >85. 89. 103.

Overwintering cost
MG. (%) 29. 24. 22. 20.

(kJ/kg) 1907. 1530. 1459. 1153.

TEC, (%) 67. 63. 64. 61. Mg. (%) 14. 13.

Wu (%) 9. - 20. 26. (kJ/kg) 940. 745.

W. (%) 26. 32. 12. 27.



lake whitefish, the difference between males and between
females being respectively 17and 24%. This difference is even
larger if we consider the same period of time (August to Octo-
ber), the period during whieh fish ascended the rapids and
moved to the spawning grounds. During this period of time,
cisco expended two times more energy for migration than lake
whitefish (Table 6). On an equivalent weight basis the results
are the same.

Discussion

Differences in seasonal energy increase between reproduc-
tive and nonreproductive cisco and lake whitefish, as weIl as
energy expenditures associated with reproduction, result in
somatic loss for reproductive fish of both species (Table 5).
However, the somatic depletion for reproduction is higher in
cisco than in lake whitefish. Migration alone appears respon-
sible for the higher somatic depletion for reproduction in cisco
(Table 6).

Energy Allocation to Growth and Reproduction

Resource input
No significant differences in the increment in length between

reproductive and nonreproductive fish were observed for cisco
and lake whitefish suggesting that nonreproductive fish do not
devote more energy than reproductive fish to growth in length
(Table 1). ln the laboratory, the length of guppies (Poecilia
reticulata) did not differ significantly between reproducing and
nonreproducing fish but nonreproducing females had signifi-
cantly more energy in their somatic tissues than reproducing
females (Rezniek 1983). However, other workers have dem-
onstrated significant differences in growth between reproduc-
tive and nonreproductive fish. For example, in male bluegill
sunfish, Gross and Charnov (1980) estimated that within an age
group, males with mature testes had a significantly smaller lin-
ear growth increment than equal-aged males with immature
testes, in the season they were captured. These differences were
explained by two distinct reproductive pathways. cuckoldry and
parental strategy. Hirshfield (1980) observed that reproduction
and growth of the Japanese medaka (Oryzias latipes) were in
generaJ negatively correlated suggesting that individuals repro-
ducing the most were not able to grow as rapidly as individuals
reproducing less. ln these studies however. alternative repro-
ductive strategies were implied as opposed to one reproductive
strategy where years of reproduction altemate with years of
nonreproduction.

The significantly higher energy content of nonreproductive
cisco and lake whitefish in October (Fig. 2), due to the fact that
no energy was allocated to reproduction, indicates that surplus
energy was devoted to energy storage. as opposed to increase
in length. By calculating the energy increase in nonreproductive
fish if no growth had occurred between May and October. we
estimated that 65% (52 and 72%) of the total energy gain in
nonreproductive fish during that period was due to energy stor-
age. The remaining 35% was due to growth. Energy content
estimated for juvenile fish (Y. Lambert, unpubl. data) indicated
that 27% (23 to 38%) of the total seasonal energy increase was
due to storage. Thus growth was responsible for most of the
energy increase (73%) in juvenile fish. As juveniles. fish grow
in length and energy and as they approach the age of maturity
more energy is accumulated as energy reserves to the detriment
of growth.
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As fish reach maturity, differences in total energy gain are
observed. The total energy gain of reproductive fish is lower
than the somatie energy gain of nonreproductive fish except for
female lake whitefish which exhibited the opposite pattern
(Table 5). Thus, reproduction appears in most cases to reduce
energy gain during the summer. This may be related to the fact
that reproductive individuals leave the feeding grounds in
August to move to the river while nonreproductive fish stay on
the feeding grounds until September. Although some repro-
ductive lake whitefish captured in the estuarine portion of the
freshwater migration had food in their stomachs (Dodson et al.
1985). itdoes not appear that feeding reduces greatly the energy
lost during the freshwater migration. This couId be the result
of lower food availability in the river and/or lower intensity of
feeding. The cost of migration per unit of distance (42.8
kJ. kg - 1.km - 1) for lake whitefish in relation to the relative
migration distance in body lengths (9'104) and weight (0.625
kg) is within the range of other anadromous species that stop
feeding during migration (Bernatchez and Dodson 1987).This
suggests that feeding in lake whitefish during the estuarine part
of the migration is notenergetically important. However.repro-
ductive female lake whitefishshowa higher resource input than
nonreproductive females. This difference seems related to a
higher intensity of feeding between May and July. The energy
increase during this period is higher in reproductive females
than in nonreproductivefemales and males (Fig. 2). Dabrowski
(1982b), reporting data of Szypula (1965) indicated that the
feeding intensity of female vendace (Coregonus albula L.) was
greater than that of males during gonad maturation.

Dl!ring freshwater migration cisco and lake whitefish rely
mostly on their energy reserves as they stop feeding before or
soon after river entry. Even if cisco and lake whitefish move to
the spawning grounds at the same time (Dodson et al. 1985),
the maximum somatic energy content before migration is
observed sooner in lake whitefish than in cisco (Fig. 2). Sam-
pling interval and difference in energy increase in gonads can
partly explain this difference. Because of the I-mo interval
between the July and August samplingdates. a differenceofup
to 4 wk in time of arrivai of the two species at the river mouth
is possible. If lake whitefish move to the river mouth earlier
than cisco. as suggested by the data of 1979 to 1981 (Lambert
and Dodson 1982a.b). the energy costs associated with entry
into freshwater would be observed earlier in lake whitefish than
in cisco. These costs include physiological changes associated
with osmoregulation and a higher standard metabolism asso-
ciated with the higher water temperatures in the river than in
the bay (Dodson et al. 1985).The higher rate of displacement
in the river of cisco (Dodson et al. 1985) suggests that cisco
move later to the river mouth and migrate more rapidly than
lake whitefish explaining why the two species are observed
together during the upriver migration. The greater energy
increase in gonads in lake whitefish by the end of August may
also be partly responsible for the earlier decrease in energy
because of energy transfer to the gonads.

Resource e:cpenditures
Both carcass and viscera energy reserves are used during fresh-
water migration (Fig. 3 and 4). However.more than 75% of the
total energy expenditures for migration and reproduction corne
from the utilization of carcassenergy reserves. Dabrowski
(1982a.b) observed that in vendace (Coregonus albula L.) and
pollan (Coregonuspollan Thompson) muscle was the principal
source of energy for gonad maturation. Both carcass fat and



protein decreased during freshwater migration (Table 3) but the
comparison between males and females suggests that the
decrease in carcass protein is mainly associated with gonad
maturation. The decrease in carcass fat is associated with both

gonad maturation and migration in females and almost exclu-
sively with migration in males. Male cisco and lake whitefish
deposit little energy in their testes (less than 6 Id) during fresh-
water migration suggesting that most energy lost during that
period is associated with migration. For males, no significant
decrease in carcass protein occurs before spawning (Table 3)
suggesting that carcass fat is the principal source of energy for
migration in males. ln females of both species, decrease in car-
cass protein is associated primarily with gonad maturation as
gonad protein increase represents 80% of the carcass protein
decrease. This result is consistent with the study of Dabrowski
(1982a) who showed that the decrease in different amino acids
in the muscle of pollan (Coregonus pol/an Thompson) was
closely related to their increase in gonads. The decrease in car-
cass fat for females may be associated with both gonad matur-
ation and migration resulting in a higher carcass fat decrease in
females than in males (Table 3).

Viscera energy reserves, although less important than carcass
energy reserves, contribute 7% of the energy used during fresh-
water migration for cisco and 20% for lake whitefish. Repro-
ductive fish use a large proportion of their viscera fat and pro-
tein during freshwater migration (Table 4). As a consequence,
they rely mosdy on their carcass energy reserves during winter.
ln contrast, nonreproductive fish derived 19 to 33% of the
energy they need to overwinter from their viscera energy
reserves. principally in the form of fat, thus reducing their loss
of carcass reserves during the winter. The difference in the vis-
cera energy reserves used during the winter supports the prop-
osition that the stress of overwintering will be greater in repro-
ductive fish because their carcass reserves, already lower than
those of nonreproducti ve fish, will be reduced to an even greater
extent during winter.

The large use of viscera fat and protein in migration and
reproduction results in visceral atrophy. The atrophy of the
digestive system in known to result in a lower efficiency of
digestion since it increases gastric retention times (Jobling 1980)
and reduces the ability to synthesize and secrete digestive
enzymes (Windell 1966). ln contrast. nonreproductive fish use
only their viscera fat reserves which are accumulated around
the digestive system and no atrophy is observed.

The large energy depletion associated with reproduction and
overwintering (Fig. 2) suggests that surviving fish that repro-
duce one year must skip at least the next reproductive season
in order to accumulate sufficient energy reserves to spawn
again. Following the overwintering period. surviving cisco and
lake whitefish that spawned the previous fall have 50% less
energy (~8 to 57%) than fish that did not spawn. Moreover
reproductive fish have less energy in May 1983 after spawning
and overwintering than in the previous spring (Fig. 2). The dif-
ference in energy content between reproductive and nonre-
productive individuals cou Id even be larger as the energy cost
of overwintering is probably underestimated because of selec-
tive mortality. with fish in the poorest condition suffering the
greatest mortality. The similarity between the total energy loss
for reproduction and overwintering in cisco and lake whitefish
can be attributed to such a bias in the determination of the cost

of overwintering in reproductive fish. It may be assumed that
the energy cost of overwintering would be comparable between
reproductive and nonreproductive fish if they were equally vul-
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nerable to mortality. Applyingthe energy cost of overwintering
of nonreproductive female cisco to reproductive female cisco,
we obtain a higher total energy loss for reproduction and over-
wintering for female cisco (in the order of 84%) than that
observed (67%). ln the case of lake whitefish, a similar cal-
culation produces values of total energy loss (62% for males
and 57% for females) comparable with the total energy loss for
reproduction and overwintering observed (61 and 64%, Table
5). The difference, at least in female cisco, would indicate a
greater mortality of reproductive females relative to nonre-
productive females with only spent fish in the best condition
surviving the winter. ln lake whitefish we would expect little
or no difference in mortality between reproductive and nonre-
productive fish if the energy cost of overwintering is compa-
rable for the two groups.

Reshetnikov et al. (1970) concluded that in whitefish (Cor-
egonus lavaretus L.) of Lake Chun in USSR, maturation of the
gonads was not only dependent on the attainment of a definite
size and age but also on the attainment of a definite level of fat
reserves specific to each population. Assuming a minimum
energy level for maturation of James Bay coregonines, fish that
spawn must accumulate energy reserves the following season
and sacrifice growth. Given the short period for feeding (less
than 3 mo), it seems very difficult if not impossible for a fish
to spawn in consecutive years. Fish skipping the next oppor-
tunity to spawnwould then benefit from a longer feeding period
during which they would accumulatesufficient energy reserves
for the next spawning season.

Althoughhaving a similargonad energy content in May (Fig.
3 and 4) gonad development is very different between repro-
ductive and nonreproductive females. ln females that spawned
the previousfall, gonads havea tlaccid appearance, still contain
unresorbed eggs and have a high moisture content (Table 2).
FemaIes that did not spawn have a lower moisture content and
show a more advanced maturitystage (Nikolskii's (1963) stage
III) suggesting that the maturation process had aIready begun.
This also supports the conclusion that cisco and lake whitefish
spawning one year must skip at least the following spawning
season. Kuklin (1979) showed that muksun (Coregonus muk-
sun) of the Yenisey River in northem USSR were unable to
spawn annuaIlyand that length of the maturation process could
be responsible. ln fish presenting characteristic signs of the
postspawning state (tlaccid appearance of ovaries, unresorbed
eggs). he estimated that the period of rematuration should last
no less than 1.5 yr. making yearly spawning impossible. This
long periodof rematuration wasassociatedwith ecological con-
ditions and the physiological state of fish. ln James Bay. the
low energy stores in reproductivecisco and lake whitefish after
spawning (Fig. 2) may prevent the resorption of the gonads
before spring and thus retard the rematuration process.

Severalstudiesof northem populationsof Arctic charr. brook
charr. lake trout. cisco, and lakewhitefishalso report that fishes
intermittently skipped reproduction (Kennedy 1949. 1953;
Sprules 1952: Johnson 1972. 1980: Outil and Power 1980;
Morin et al. 1982). Outil (1982. 1986) using energy content
anaIysis. demonstrated that anadromous Arctic charr in the
Northwest Territories were unable to spawn every year and
could skip more than 2 yr between reproductive events. He
observed that in spring, postspawners had about 46% less
energy than maturing fish which is very comparable with the
values we observed for cisco and lake whitefish. ln ail these
studies. the restricted energy budget caused by short growing
seasons seems to be one of the major factors limiting the pos-
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sibilities of reproduction. Bull and Shine (1979) reporting data
on amphibians, reptiles, and fishes, also concluded that lower
frequency of reproduction (onceevery two or more years) was
found in habitats of low quality or short growing seasons. They
also noted that such situations are often characterized by a major
accessory activity associated with reproduction such as migra-
tion, egg brooding, or live bearing.

Somatic cost of reproduction
The energy invested in reproduction (Ir) is high in both cisco

and lake whitefish (Table 5) being almost equal to or higher
than the total energy gain (la) of reproductive fish. Reproduc-
tive effort in both cisco and lake whitefish produced somatic
cost (Table 5) such that the energy invested in reproduction
reduced the somatic energy gain that would have been expected
if fish had not reproduced. The trade-off in energy allocation
between reproduction and other functions in cisco and lake whi-
tefish is clearly shown by comparing reproductive and nonre-
productive fish. Our results demonstrate that energy gain in
nonreproductiv~ fish is higher than in reproductive fish for
males and females of both species with the exception of female
lake whitefish which exhibited the opposite pattern.

Somatic energy increase of nonreproductive fish could be
biased by the fact that individuals classified as nonreproductive
fish between July and November include repeat spawners miss-
ing an opportunity to spawn and late maturing virgin fish that
never spawned. However, if the energy content of repeat spawn-
ers and late maturing virgin fish were very different, we would
expect much larger variance in the energy content of individuals
classified as nonreproductive fish in October. However, within
the standard errors of energy content and mean increase in
length for nonreproductive individuals, the estimations of the
somatie cost of reproduction for the two species changed by
only 1 to 3%. Although comparable in their energy content in
October, repeat spawners and late maturing virgin fish could
nevertheless show differences in their seasonal pattern of growth
and energy storage.

Relative Importance of the Energy Cost of Migration

Migration incured somatic costs in both species and was
largely responsible for the higher somatic cost of reproduction
in cisco. ln females of both species, the proportion of the total
energy gain invested in gonads is comparable (41% for cisco;
45%. lake whitefish). Migration resulted in somatic cost in two
ways. As already mentioned. reproductive fish migrate to the
river several months before nonreproductive fish. Thus. the
reproductive migration reduced feeding. ln the case of female
lake whitefish. reproductive fish exhibit greater energy gain
than nonreproductive fish despite their early departure fromthe
feeding grounds. Thus. the lower somatic cost of reproduction
in female lake whitefish is partly due to their ability to accu-
mulate reserves in excess of nonreproductive fish prior to
migration.

Migration also results in somatie cost due to the cost of dis-
placement in freshwater. The energy loss for migration as a
proportion of the somatic energy content before freshwater
migration (MG,) is higher in cisco and twice as high in cisco
than in lake whitefish if we consider only the period during
which tish ascend the rapidsand move to the spawninggrounds.

The difference in energy expenditure associated with swim-
ming activity represents one of the major factorsexplaining the
higher energy cost of migration for cisco. At low swimming
speeds(29to35 cm's -1 whichisequivalentto0.9 to 1.2body

lengths.s -1) the energy expenditures (joules per kilogram per
hour) for standard metabolismand swimming activity are com-
parable between "standard" cisco and lake whitefish (Ber-
natchez and Dodson 1985). However, at higher swimming
speeds energy expenditures increase more rapidly in cisco than
in lake whitefish. At a swimming speed of 40 cm's-t, the
energy expenditure of cisco is 1.12 times higher than in lake
whitefish. At 70 cm's -t the energy expenditure of cisco is 2.2
times higher and at 80 cm's - l, 2.7 times higher. Correcting
for differences in body weight, cisco swimming at 40 cm.ç 1

would expend 0.9 times the energy expended by lake whitefish
but at speeds of 70 to 80 cm's - l, the energy expended by cisco
would be l. 7 to 2.1 times greater than that of lake whitefish.
The high sustained swimming speeds needed to ascend the 7
km of rapids in the Eastmain River where current velocities
varyfrom0.7 to 1.5m's- 1 willnecessarilyresult in a higher
energy expense in cisco. This conclusion is supported by the
fact that metabolic adjustments to increase the aerobic capacity
of the swimming musculatureare more dramatic for cisco com-
pared with lake whitefish in the Eastmain River (Guderley et
al. 1986).The smaller size of cisco will also increase the energy
cost of migration. Glebe and Leggett (1981) demonstrated in
American shad (A/osa sapidissima) a higher energy cost of
migration in smaller fish.

These results demonstrate that an energy cost is associated
with reproduction for both cisco and lake whitefish in the East-
main River and that the energy cost of migration is mostly
responsible for the different somatic costs of reproduction
observedbetween the two species. The energy cost of migration
is important in determining the reproductive pattern of both
species and results in differences in the life history character-
istics exhibitedby the two species (Lambert and Dodson 1989).

Acknowledgements

We than!<S. Higgins for help in sampling and the proximate anal-
yses. We are also grateful to the native Cree of Eastmain for their
cooperation. This research was funded by an Natural Sciences and
Engineering Research Council grant to 1. Dodson. Y. Lambert was
funded by Fondation de l'Université Laval and Department of Fish-
eries and Oceans (Quebec region) postgraduate scholarships.

References

BELL. G. 1980. The costs of reproduction and their consequences. Am. Nat.
116: ~5-76.

BER:-IATCHEZ.L.. AND1. 1. DoDSON. 1985. Inlluence of temper.llure and current
speed on the swimming capacity of Jake whitefish (Coregonlls clllpeafor.
mis) and cisco (e. artedii). Cano 1. Fish. Aquat. Sci. ~2: 1522-1529.

1987. Relationship between bioenergetics and behavior in anadrom-
ous lïsh migrations. Cano 1. Fish. Aquat. Sci. 44: 399-407.

BUGH. E. G.. A:-IDW. 1. DVER. 1959. A rapid method of totallipid extraction
and purification. Cano 1. Biochem. Physiol. 37: 911-917.

BrLL. 1. 1.. A:-IDR. SHINE. 1979. heroparous animais that skip opportunities
for reproduction. Am. Nat. II~: 296-316.

DABROWSKI.K. R. 1982a. Seasonal changes in Ihe chemical composition of
fish body and nutitional value of the muscle of the pollan (Coregonus
pol/an Thompson) from Lough :--Ieagh. Northem lreland. Hydrobiologia
87: 121-1~1.

1982b. Reproductive cycle ofvendace (Coregonusalbllia L.) in rela-
tion to some chemical and biochemical changes in the body. Hydrobiol-
ogia 94: 3-15.

DooSON. 1. 1.. Y. LAMBERT. A:-ID L. BER;>;A TCHEZ. 1985. Comparative migratory

and reproductive strategies of two sympatric anadromous coregonine spe-
cies of James Bay. ln M. A. Rmkin (ed.] ~Iigration: mechanisms and
adaptive significance. Conlrib. ~Iar. Sci. Suppl. 27: :!96-315.

DoWGIAlLO.A. 1975. Chemical composition of an animal's body and of its
food. p. 1~199. 1.1W. Grodzinski. R. Z. Klekowski. and A. Duncan



led.) Methods for ecological bioenergetics. IBP Handbook No. 24. Black-
weil Sei. Pub\., Oxford and Edinburgh.

DUTIL,J.-D. 1982. Periodic changes in the condition of the Arctic charr (Sal-
velinus alpinus) of the Nauyuk Lake system, Kent Peninsula, Northwest
Territories. Ph.D. thesis, -t:fniversity of Manitoba, Winnipeg, Manitoba,
Canada. 149 p.

1986. Energetic constraints and spawning interval in the anadromous
Arctic charr (Salvelinus alpinus). Copeia 1986: 945-955.

DUTIL, J.-D., ANDG. PoWER. 1980. Coastal populations of brook trout, Sal-
velinus fontinalis, in Lac Guillaume-Delisle (Richmond GulO, Québec.
Can. J. Zoo\. 58: 1828-1835.

FALES, F. W. 1971. Evaluation of a spectrophotometric method for determi-
nation of total fecallipid. Clinical Chemistry 17: 1103-1108.

GLEBE, B. D., ANDW. C. LEGGETI. 1981. Latitudinal differences in energy
allocation and use during the freshwater migrations of American shad
(Alosa sapidissima) and their life history consequences. Can. J. Fish.
Aquat. Sci. 38: 8()(H!20. .

GROSS, M. R., ANDE. L. CHARNOV. 1980. Alternative male life histories in
bluegill sunfish. Proc. Nad. Acad. Sci. USA 77: 6937--@4().

GUDERLEY,H., P. BLIER, ANDL. RICHARD.1986. Metabolic changes during
the reproductive migration of two sympatric coregonines, Coregonus arte-
dU and Coregonus clupeaformis. Can. J. Fish. Aquat. Sei.43: 1859-1865.

HASLEMORE,R. M., ANDP. G. ROUGHAM.1976. Rapid chemical analysis of
some plant constituants. J. Sei. Fd. Agr. 27: 1171-1178.

HIRSHFlElD,M. F. 1980. An experimental analysis of reproductive effort and
cost in the Japanese medaka, Oryzias latipes. Ecology 61: 282-292.

JOBLlNG,M. 1980. Effects of starvation on proximal chemical composition and
energy utilization of plaice, Pleuronectes platessa L. J. rlSh Bio\. 17: 325-
334.

JOHNSON,L. 1972. Keller Lake: characteristics of a culturally unstressed saI-
monid community. J. Fish. Res. Board Can. 29: 731-740.

1980. The Arctic charr, Salvelinus alpinus, p. 15-98./n Cham, sal-
monid fishes of the genus Salvelinus. E. K. Balon led.) Dr. W. Junk, The
Hague, The Netherlands.

KENNEDY,W. A. 1949. Some observations on the coregonine fish of Great
Bear Lake, N.W.T. Bull. Fish. Res. Board Can. 82: 1-10.

1953. Growth, maturity, fecundity and morta1ity in the relatively
inexploited whitefish, Coregonus clupeaformis, of Great Slave Lake. J.
Fish. Res. Board Can. 10: 413-441.

KIBRICK,A. C., ANDS. J. SKUPP. 1953. Colorimetric method for the deter-
mination of fatty aeids in blood by oxydation with dichromate. Arch.
Biochem. Biophys. 44: 134-139.

KLEIBER,M. 1975. The fire of life: an introduction to animal energetics. Krie-
ger Publishing, New York. 453 p.

KUKLIN,A. A. 1979. Maturation and reproduction of the muksun, Coregonus
mulcsun, of the Yenisey River. J. Ichthio\. (English Trans\. of Vopr. Ikth-
io\.) 19: 91-97.

LAMBERT,Y., ANDJ. J. DoDSON. 1982a. Structure et rôle des facteurs physiques
dans le maintien des communautés estuariennes de poissons de la baie
James. Naturaliste cano (Rev. Eco\. Syst.) 109: 815-823.

1982b. Composition, distribution et abondance de l'ichtyofaune
adulte de l'estuaire de la rivière Eastmain (Baie James). Programme de
recherche sur l'estuaire de la rivière Eastmain (Baie James). GIROQ
(Groupe Interuniversitaire de Recherches Océanographiques du Québec),
rappon à la SEBJ (Société d'Energie de la Baie James), 88 p.

1990. Influence of freshwater migration on the reproductive patterns
of anadiomous populations of cisco (Coregonus artedil) and lake whitefish
(c. clupeaformis). Can. J. Fish. Aquat. Sei. 47: 335-345.

MORIN, R., J. J. DooSON, ANDG. POWER. 1982. Life history variations of
anadromous cisco (Coregonus artedil), lake whitefish (c. clupeaformis),
and round whitefish (Prosopium cylindraceum) populations of eastern
James-Hudson Bay. Cano J. Fish. Aquat. Sci. 39: 958-%7.

NIIMI, A. J. 1972. Total nitrogen, nonprotein nitrogen, and protein content in
largemouth bass (Micropterus salmoides) with reference to quantitative
protein estÏmates. Can. J. Zoo\. 50: 1607-1610.

NIKoLSKlI,G. V. 1963. The ecology of fishes. Academic Press, New York,
N.Y.352p.

REs!fET:lltKOV,Y. S., L. P. PARANYUSHKINA,ANDV. I. KIYASHK0 1970. Sea-

sonal changes of blood serum protein composition and fat content in whi-
tefishes. J. Ichthio\. (English Trans\. of Vopr. Ikthio\.) 10: 804-815.

REZNlCK,D. 1983. The structure of guppy life histories: The trade-offbetween
growth and reproduction. Ecology 64: 862-873.

SoKAL, R. R., ANDF. J. ROHLF. 1981. Biometry. 2nd ed. W. H. Freeman and
Co., San Francisco, CA. 859 p.

SPRL'LES,W. M. 1952. The Arctic char of the west coast of Hudson Bay. J.
Fish. Res. Board Can. 9: 1-15.

TUOMl,J., T. IIAKALA,ANDE. HAUKIOJA.1983. Alternative concepts of repro-
ductive effon, cost of reprC'<"('lion, and selection in life history evolution.
Am. ZooI. 23: 25-34.

WINDELL,J. T. 1966. Rate of digestion in the bluegill sunfish. Invest. Indiana
Lakes Streams 7: 185-214.

ZAR, J. H. 1974. Biostatistical analysis. Prentice-Hall, Inc., Englewood Cliffs,
N .1. 620 p.

r." , (" '. 1


