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Abstract

Several biological and environmental factors have direct or indirect influence on maturation,
fecundity and egg viability of marine fishes. The relationships observed between these repro-
ductive characteristics and specific biological and/or environmental indices may provide alterna-
tive methods of estimating annual variations in the reproductive potential of fish stocks in the
absence of specific data, or represent a more rapid and less costly method of monitoring egg
production. The utility of these relationships to serve as proxies for egg production will depend
on the predictive power of the relationships, the effort required to measure selected proxies, the
scale of application, and the availability of pre-existing target data. We believe that alternative
methods to measure reproductive output could be developed for some reproductive characteris-
tics needed to estimate egg/larval production using data already available. This review, largely
based on gadoid fish species, indicates that relationships between indices of nutritional condi-
tion (e.g. condition factor, liver index) and potential fecundity meet the criteria of predictability
and low effort and thus are candidate proxies for measuring egg production. No relationship
examined was a suitable proxy for egg/larval viability and age- and size-at-maturity. The devel-
opment of alternative measures of reproductive characteristics of fish could result in more
precise estimates of reproductive potential of fish stocks that could be used for hindcasting and
predicting egg and/or larval production and viability.

Key words:  age-at-maturity, size-at-maturity, cod, egg larval viability, environmental influences,
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Introduction characteristics can generate important changes in the

Evaluating the reproductive potential of fish stocks
requires an understanding of stock-specific reproduc-
tive characteristics and the underlying mechanisms.
These characteristics include spawner biomass, sex
ratio, maturity ogive, potential and realized fecundity,
egg viability, and hatching success. Variations in these

reproductive potential of a stock with implications for
its recruitment success. Fluctuations in these repro-
ductive parameters, however, are very often ignored
due to a lack of information at the appropriate fre-
quency and detail. Sampling effort, time of sampling,
difficulty of measurement, and cost/benefit considera-
tions have all contributed to the lack of appropriate
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information on these reproductive characteristics
(Tomkiewicz et al.,2003).

Age- and size-at-maturity, fecundity, and egg vi-
ability each has a large influence on the reproductive
potential of a stock yet these characteristics are not
routinely measured or used in stock assessments.
These characteristics are known to vary between spe-
cies, stocks, geographical areas, and years and to be
influenced by genetic and environmental factors (Alm,
1959; Wootton, 1979; Stearns and Crandall, 1984; Godo
and Moksness, 1987; Rijnsdorp, 1993a; Tyler and
Sumpter, 1996; Cardinale and Modin, 1999). Many bio-
logical and environmental factors will directly or indi-
rectly influence maturation, fecundity, and egg viabil-
ity (Kjorsvik et al., 1990; Buckley et al., 1991; Rijnsdorp
et al., 1991; Nissling, 1994; Tyler and Sumpter, 1996;
Chambers, 1997; Kjesbu et al., 1998; Marteinsdottir
and Steinarsson, 1998; Cardinale and Modin, 1999;
O'Brien, 1999; Lambert and Dutil, 2000). Relationships
between biological factors, environmental factors, and
reproductive characteristics could potentially be used
to predict reproductive potential or components of it.
These relationships could thus represent alternative
methods of estimating annual variation in reproduc-
tive potential. Such methods could be useful when data
on maturity, fecundity, and egg viability are absent or
they could represent a more rapid and less costly means
of monitoring egg production. The availability of his-
toric data on these proxy measures or the simplicity of
obtaining new data on these measures could support
retrospective or ongoing estimates of the reproduc-
tive potential of a stock. These kinds of applications
could enhance predictions about stock status and pos-
sibly help explain historic trends in stock size.

This paper is primarily based on gadoid fish spe-
cies but numerous examples on other groups of marine
species (e.g. flatfishes, herring (Clupea harengus),
mackerel (Scomber scombrus) and anchovies) are pro-
vided. It reviews the relationships between biological
and environmental factors and reproductive charac-
teristics of fish stocks. Emphasis is given to correlates
of maturity, fecundity and egg viability. The possibil-
ity of using the environmental and/or biological fac-
tors of these relationships as predictors of reproduc-
tive potential is evaluated. Important attributes of these
relationships, such as their predictive power, simplic-
ity of measurement, scale of application, restrictions in
use, and availability of data to support them are also
examined.

In this review, the predictive power of a relation-
ship is defined as the minimum difference in the inde-

pendent variable (x) that yields significantly different
predictions in the dependent variable (y) (McEdward
and Morgan, 2001). Two criteria are used to evaluate
the relationships. The first is the proportion of the vari-
ance in the dependent variable explained by its rela-
tionship with the independant variable (i.e. the coeffi-
cient of determination, »?) and the second is the confi-
dence intervals (CI) around the estimated regression
parameters. Prairie (1996) noted that the predictive
power of regression models with 2 <0.65 was low and
nearly constant but increases very rapidly for higher
r?values. An increase in 2 from 0.2 to 0.5 increased the
resolution power by about 28%, whereas increasing r?
from 0.6 to 0.9 doubled it. On this basis, models ex-
plaining >65% of the variance could potentially be used
as proxies. Moreover, the rapid increase in the predic-
tive power for relationships resulting in 72 >0.65 justi-
fies the search for additional explanatory variables. The
overlap of 95% CI around the predicted values for dif-
ferent values of the explanatory variable (x) was sug-
gested as a measure of the predictive power of a re-
gression (McEdward and Carson, 1987; McEdward and
Morgan, 2001). Overlap of the CI for two values of the
independent variable (x) indicates that the two corre-
sponding predicted values are not significantly differ-
ent. The predictive power is determined by comparing
the minimum difference in the explanatory variable (x)
needed to yield significant differences in predicted
values () to the range of the explanatory variable
(McEdward and Morgan, 2001). For example, the pre-
dictive power is reasonably good for models requiring
explanatory variable differences of 16—17% of the ob-
served range.

Maturation of Fish

Fish ontogeny is usually divided into different
stages which may be viewed in the context of gonadal
development. These stages are: egg and larval devel-
opment, pre-reproductive, reproductive and post-
reproductive periods (Rass, 1948; Kryzhanovsky, 1949;
Shatunovsky, 1980; Balon, 1984). The pre-reproduc-
tive period is characterized by protoplasmatic growth
and the formation of oogonii and oocytes. Further go-
nadal development, i.e. vitellogenesis, ovulation, fer-
tilization, as well as previtellogenesis before the sec-
ond and subsequent spawning, occurs in mature fish.
The duration of the pre-reproductive period can differ
widely within and among species. Maturation, which
is partly under genetic control, influenced largely by
environmental conditions (Alm, 1959; Stearns and
Crandall, 1984; Gode and Moksness, 1987; Rijnsdorp,
1993a; Cardinale and Modin, 1999). Changes in age-
and size-at-maturity have been linked to growth during



LAMBERT et al.: Environmental and Biological Indices as Proxies 117

the pre-reproductive period (Rijnsdorp, 1993a; Godo
and Haug, 1999; Walsh and Morgan, 1999) and it is
generally assumed that maturation will be attained at
some size or age threshold. Stearns and Crandall (1984)
argued, however, that maturation occurs along a tra-
jectory of age and size, and that maturity was neither
length-nor age-specific in the strict sense. Long-term
changes in age- and size-at-maturity are also expected,
based on life history theory, to respond to growth and
survival of juvenile and adult fish (Gadgil and Bossert,
1970; Stearns and Crandall, 1984).

Predicting age- and size-at-maturity requires the
knowledge of the processes controlling maturation
both in terms of the proximate factors influencing the
physiological decision to mature and of the selection
of this life history trait based on life history theory.
Commonly used indices of maturation are the mean
length, weight, and age at which 50% of individuals
from the population become mature. Usually these in-
dices are derived from models that are fitted to data
(Welch and Foucher, 1988; Rijnsdorp, 1993a, b; Trippel
et al., 1997a; Saborido-Rey and Junquera, 1998;
Cardinale and Modin, 1999). These indices vary among
and within species. Within species, length- and age-
at-maturity will vary between different geographical
areas and time periods (Table 1). Sex-specific age- and
size-at-maturity may also vary within populations of
the same species and estimates are available in the
scientific literature for various stocks. These estimates
may, however, be difficult to compare across studies
since they might refer to different stock areas within a
stock, historical periods and groupings (e.g. sexes com-
bined or males and females analysed separately).

The following sections examine the mechanisms
influencing the age and size at which fish mature and
the relationships between these maturation traits and
various biological and environmental factors. These
correlations are evaluated for their potential to predict
the proportion of mature fish. If their potential is high,
the biological and environmental factors can be con-
sidered as candidate proxies for the estimation of the
spawning biomass and egg production of stocks.

Mechanisms Influencing Maturation

Critical periods in maturation. A number of hy-
potheses have been proposed to explain when a fish
matures for the first time. These hypotheses pertain to
either the attainment of a critical size, the rate of acqui-
sition of surplus energy, growth rate, or condition. As
a fish develops through the juvenile stage it enters a
period of liability wherein maturation may be induced

but is not necessarily predetermined. This period of
susceptibility is commonly referred to as a 'critical pe-
riod". This critical period may also be applied to repeat
spawners because reproduction may ensue or be
stopped depending on the condition of the fish prior
to the spawning season.

It is generally assumed that maturation is bounded
by some size or age threshold (Nikolsky, 1969; Roff,
1982; Thorpe, 1986; Rijnsdorp, 1993a). To the degree
that the threshhold size is near the actual size, fast
growing individuals are likely to mature earlier than
slow growing individuals. For example, in the period
1960-90 L, . (L, corresponding to the length at
which 50% of the fish became mature) for North Sea
plaice, Pleuronectes platessa, was 5.8, 4.2 and 3.9 cm
lower than in the period 1904—11 at ages 4, 5 and 6,
respectively. The shift in maturation envelope to smaller
sizes coincided with an increase in growth rate of juve-
nile and adult plaice (Rijnsdorp, 1993a). Rapidly grow-
ing individuals of cod (Gadus morhua) and halibut
(Hippoglossus hippoglossus), which attain maturity at
a younger age than slower growing individuals, ma-
ture at a shorter size as well (Gode and Haug, MS 1998).

Policansky (1983) proposed that maturity was not
triggered by the attainment of a certain size or age
when experiencing stable and benign conditions, but
that fish that are growing rapidly should mature as
soon as they are physiologically able to do so. Under
hatchery conditions, this phenomenon is seen to oc-
cur causing high proportions of fish to enter maturity
at young ages. In male salmonids maturity can be at-
tained in the first autumn, when the fish are only 6
months of age (Thorpe et al., 1982). Laboratory experi-
ments with Atlantic cod have shown that nutrition
during the pre-reproductive period influences the age
at maturation. Cod fed ad /ibitum began to mature by
the end of their second year and spawned during their
third year (Braaten, 1984). Thorpe (1986) suggested
that growth rate was acting to modify the age at matu-
ration and proposed a growth model for Atlantic
salmon, Salmo salar, that included a sensitive period
during which maturation was triggered. In this model,
fish that experience good environmental conditions
have high growth rates during their critical period which
encourages early maturity. The critical period for
salmonids appears to occur in autumn (Thorpe, 1994)
before significant changes in gonad mass and increases
in hormone levels. In the subsequent period of increas-
ing day length the following spring, fish express either
further maturation or fail to mature and spawn in the
upcoming spawning season (Thorpe ef al., 1998).
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TABLE 1. Age (4,,) and size (L,) at 50% maturity for male (M) and female (F) Atlantic cod from different geographic areas

of the Northern Atlantic Ocean.

Area Sex A, Ly, Years Reference
Baltic Sea M 2.8 37.7 1988 Cardinale and Modin (1999)
F 3.7 49.6
M 1.5 27.0 1996 Cardinale and Modin (1999)
F 2.7 33.2
Labrador/Grand bank M 4.8 45.5 1979 Taggart et al. (1994)
F 6.2 55.0
M 4.0 37.0 1993 Taggart et al. (1994)
F 5.4 45.8
Georges Bank M&F 2.1 43.1 1986-94 Hunt 1996
M 42.8
F 43.6
Scotian Shelf M 5.4 52.0 1959-64 Beacham (1983)
Subdiv. 4Vn F 6.3 55.0
M 2.8 36.0 1975-79 Beacham (1983)
F 2.8 34.0
Subdiv. 4Vs M 5.4 47.0 1959-64 Beacham (1983)
F 5.2 44.0
M 2.7 38.0 1975-79 Beacham (1983)
F 2.9 38.0
Div. 4W M 4.7 46.0 1959-64 Beacham (1983)
F 5.0 52.0
M 2.7 37.0 1975-79 Beacham (1983)
F 2.9 39.0
Div. 4X M 4.8 57.0 1959-64 Beacham (1983)
F 3.7 46.0
M 2.8 45.0
F 2.9 45.0 1975-79 Beacham (1983)
Faroes M&F 2.7 44.0 1973-89 Jakupsstovu and Reinert (1994)
Subdiv. 3Ps M&F 7.0 1981 year-class Chen and Mello (1999)
M&F 5.0 1990 year-class Chen and Mello (1999)
Subdiv. 3Pn M&F 6.6-6.8 1947-50 Fleming (1960)
Northern Gulf St.
Lawrence Subdiv. M 5.1 46.0 1947-66 Wiles (1968)
3Pn-Div. 4RS F 6.1 50.0
Flemish Cap F 3.8 51.7 1992 Saborido-Rey and Junquera (1998)
F 3.2 39.1 1995 Saborido-Rey and Junquera (1998)
Northeast Arctic M&F 9.5 1923-24 year-classes  Jorgensen (1990)
M&F 7.0 1975-76 year-classes  Jorgensen (1990)
Northeast Arctic M&F 72.0 1980s Ponomarenko and Yaragina (1994)
North Sea M 53.0 1968-73 Oosthuizen and Daan (1974)
F 60.0

In winter flounder, Pseudopleuronectes ameri-
canus, a non-reproductive state in adult fish may oc-
cur if feeding is restricted prior to and immediately af-
ter the spawning season (Burton, 1994). Histological
observations of the ovary indicate that the non-
reproductive state occurs as a result of fish failing to
undergo exogenous vitellogenesis, suggesting that nu-
tritional status acts as a control mechanism early in the

gametogenic process. Fish with high post-winter
condition may become reproductive despite being
starved during this critical period which suggests that
current nutritional status also acts as a regulator of
reproduction (Burton, 1994).

A circannual endocrine-based switch from repro-
ductive dormancy to active gonadal development, is
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suspected to exist for female walleye, Stizostedion
vitreum, (Henderson et al., 1996). Two separate critical
periods involving an endocrine switch were identified
in the gametogenic cycle of these fish. The first occurs
in August after the replenishment of energy reserves
from visceral fat, while the second occurs in October
when females, even immature ones, exhibited a tran-
sient development of ovarian tissue with energy
derived from these visceral fat deposits. For both criti-
cal periods the transition to reproductive maturation
appears to be triggered by the energetic status of the
fish.

Metabolism and rate of gonadal develop-
ment. Reproductive expenditures can represent 10—
22% of the annual energy budget (Shatunovsky, 1980;
Eliassen and Vahl, 1982; Jobling, 1982). Gonadal weight
can reach 40% of the total body weight in some spe-
cies of fish (Wootton, 1979; Tyler and Sumpter, 1996).
The gametes commonly develop over an extended time
period which can last 4 to 6 months (Koshelev, 1984;
Kjesbu ef al., 1991). During this period of gametogen-
esis, nutrients are transferred to the gametes. Fish typi-
cally exhibit seasonally large gonads and therefore,
high energetic expenditures are required by the
individual during gametogenesis, even for young indi-
viduals, in which no regular sexual cycle is yet estab-
lished (Shatunovsky, 1978). The proportion of energy
invested in reproduction increases from the first to the
second-third spawning, and then stabilizes reducing
only in fish at the maximum possible age (Shatunovsky,
1980). In some species the allocation of energy to
gonads occurs simultaneously with somatic growth.
In other species, there is an annual cycle of energy
allocation to somatic growth and energy storage with
a subsequent transfer of nutrients to gonads (Wootton,
1979). A reduction in metabolic rate can influence these
processes and causes a delay in the development of
oocytes at the previtellogenesis phase (Koshelev,
1984).

Prior to reaching maturity, the accumulation of
energetic resources (protein and lipids) will be highly
important. Changes in the metabolic activity and chemi-
cal composition of the different tissues (i.e. accumula-
tion of specific fractions of proteins and lipids,
phosphoproteins, phospholipids, esters of stearins and
others) will be observed in relation to the transforma-
tion and transport of the different biochemical mol-
ecules necessary for the development of gonads
(Shatunovsky, 1980). Part of the variability observed
in energy allocation reflects differences in species life
history and local responses to specific environments.

Central to these allocation patterns are lipid reserves
which connect environmental resources to various uses
of this acquired energy by the organism such as for
reproduction (Adams, 1998). In some fish, individual
adults must attain a minimum fat content before matu-
ration is initiated (Shulman, 1974). For example, Atlantic
salmon, Salmo salar, returning from sea in the spring
appear to require a minimum fat content of about 12%
if they are to spawn the following autumn (Rowe ef al.,
1991).

Some fish with a normal one-year maturity cycle
fail to spawn in all spawning seasons (Messiatzeva,
1932; Walsh et al., MS 1986; Burton, 1991; Oganesyan,
MS 1993; Burton et al., 1997; Rideout et al., 2000).
This phenomenon was also noted in cod from the North-
east Arctic (Marshall ez al., 1998). The absence of
spawning is believed to occur when stored energy re-
serves are too low. Laboratory experiments on cod from
the Gulf of St. Lawrence demonstrated that fish main-
tained at a low level of condition during maturation did
not spawn (Lambert et al., 2000). Atresia of developing
oocytes or delayed development of oocytes may ex-
plain the suspension of the normal maturation cycle.

Ultimate influences. Long-term variations of mean
age- and size-at-maturity have been recorded for most
major commercial fish species. The majority of publica-
tions demonstrate a decrease of 45, and L;, in
populations in recent years, compared to earlier peri-
ods (Wiles and May, 1968; Oosthuizen and Daan, 1974;
Beacham, 1983; Ponomarenko and Yaragina, MS 1994;
Taggart et al., 1994; Hunt, 1996; Trippel ef al., 1997a;
Cardinale and Modin, 1999; Chen and Mello, 1999) (Ta-
ble 1). However, the role of genetic and non-genetic
factors in explaining these changes is largely unknown.

According to life history theory (Gadgil and
Bossert, 1970) an organism encountering conditions
that results in slower growth should alter its age- and
size-at-maturity along a trajectory that minimizes the
reduction in fitness caused by slower growth and
smaller size. Importantly, the trait under selection is
the combination of age- and size-at-maturity (Stearns
and Crandall, 1984). Life history models have consid-
ered fitness consequences of maturity in terms of the
differences in growth and survival of juveniles and
adults. Hence, selection for delayed maturation could
arise because it results in a gain in fecundity or be-
cause it results in reduced juvenile mortality, or both.
Such models have explained a large portion of the ob-
served variation in age at maturity between species
(e.g. Roff, 1984) and suggest that there may be age-size
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maturity trajectories that vary with growth and stage-
dependent mortality (Stearns and Crandall, 1984). Work
by Reznick and colleagues on guppies (Poecilia
reticulata) provides one of the few empirical studies
of a genetically based response to changes in stage-
and size-specific mortality (Reznick ef al., 1990; Reznick
etal., 1997). Their work made use of the differences in
size-specific mortality caused by two natural preda-
tors, pike cichlid (Crenicichla alta) which mostly con-
sume large mature guppies and a killifish (Rivulus
hartii) that consume small immature ones. By moving
guppies from sites with the cichlid to sites with the
killifish they were able to manipulate stage-specific
mortality. After 11 years, or 30-60 generations, there
were genetic differences in age- and size-at-maturity
between guppies in the original and introduced sites.
Guppies matured both later and at larger sizes, when
living with the killifish than the cichlids. A life history
response to stage-specific mortality is likely to occur
in other fish populations including those subjected to
commercial harvest.

For most demersal fish species, increases in the
proportion of mature fish at smaller sizes is consisent
with a selective fishery that favours reproduction by
early maturing fish. The long-term historical variations
in size- and age-of-maturity of the cod stocks during
the 20™ century have been linked to increased exploi-
tation, followed by density-dependent effects and/or
possible genetic changes. Borisov (1978) used the ex-
ample of a hypothetical year-class of cod, consisting
of early (6 yr), medium (8 yr) and late (11 yr) maturing
subgroups of fish in order to evaluate the effects of
changes in size-specific contribution of adults to the
reproductive output of the population. Increased ex-
ploitation resulted in a reduction in the contribution of
the medium and especially late maturing fish to repro-
duction, and an increase in the contribution of early
maturing fish. It is still unclear, however, whether these
traits are inherited or whether they are simply a result
of phenotypic plasticity.

Sexual dimorphism in maturity rates and sex
ratio. Whilst stock assessments usually combine
sexes when considering spawning stock biomass, there
are often gender related differences in maturity. Very
often, males and females differ in their rates of matura-
tion. In most species males become mature at an earlier
age and smaller size than females (Oosthuizen and
Daan, 1974; Taggart ef al., 1994; Ajiad et al., MS 1998;
Cardinale and Modin, 1999). In the Baltic Sea cod stock,
differences in age- and size-at-maturity (4, and L)
between males and females are of 1 year and 12 cm,

respectively. Male cod from the Northwest Atlantic
(NAFO Div. 4Vn) also mature at a lower age and smaller
size than females from this stock (0.9 yr and 3 cm, re-
spectively) (Beacham, 1983). In the North Sea, the size
of cod at 50% maturity is 7 cm smaller in males than in
females. Significant differences in the growth rates of
males and females in relation to maturity are also noted
in flatfish (Haug and Tjemsland, 1986; Gode and Haug,
MS 1998). This phenomenon of maturation of females
at later ages and larger sizes is probably related to the
greater expenditures of energy required for ovarian
development compared to testicular development.

In some species, males mature later than females.
This is observed especially among species having a
more elaborate and costly spawning behaviour. For
example, males of Neogobius melanostomus in the
Azov Sea (Kostyuchenko, 1961) and males of some
salmonids, e.g. Oncorhynchus nerka mature at older
ages than females (Altukhov and Varnavskaya, 1983;
Altukhov and Salmenkova, 1991). In both species males
are responsible for protecting their offspring.

Sex ratio is an important population feature which
affects the evolutionary trends in life history traits
(Zamakhaev, 1964; Nikolsky, 1969; Geodakian, 1974,
1981). Males often predominate populations in vari-
able or stressful environments, especially at the margins
of the species' geographic range. In contrast, females
often predominate populations from stable environ-
ments. In variable environments, the long-term opti-
mum sex ratio favours males and a similar trend is
observed even when environmental variation is of short
duration (Makeeva and Nikolsky, 1965). The sex ratio
can vary between populations, year-classes, and even
within a single year-class. The first fish to mature and
enter the spawning stock are likely to be males because
they usually mature earlier than females. Thus, the sex
ratio of a population will be skewed towards males es-
pecially as an abundant year-class enters maturity. As
the year-class advances, the proportion of males will
decrease, and hence the older age groups and largest
individuals of the stock will be comprised mainly of
females. Considerable variation in sex ratio was ob-
served for the mature population of Northeast Arctic
cod reflecting large differences between year-classes
(especially in the 1960s and early-1970s). Survey data
and commercial landings of cod in Lofoten, Norway,
indicated that the sex ratio (male:female) of the mature
part of the population during 1989-97 was in many
cases greater than 2:1 (Ajiad ef al., MS 1998). These
variations in sex ratios emphasize the importance of
estimating reproductive potential annually.
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Relationships between biological factors, environmen-
tal factors, and maturity

Variations in age- and size-at- maturity within
and between stocks. Considerable variation in the
age- and size-at-maturity has been observed among
geographical areas, time periods, and sexes both be-
tween and within stocks (Table 1). Attempts to explain
and predict the proportion of a year-class maturing
have considered various biological and environmental
factors, such as genetic variation, growth rate, stock
size, and temperature. Highly prognostic relationships,
however, were found in only a few cases.

Mean age and size at 50% maturity for cod have
been observed to vary among areas or populations by
as much as 1.5 to 9.5 years of age and 27 to 72 cm in
length (Table 1). The size range at which maturity is
occurring within a population is also variable. For ex-
ample, the transition from immature to 100% mature
occurred over a 40-cm length interval for both male
and female cod from the Scotian Shelf (NAFO, Subdiv.
4Vs) during 1959—64. This same transition occurred
over a shorter length interval (20 cm) in the period
between 1975 and 1979 (Beacham, 1983). In the North-
east Arctic cod stock, first maturing males and females
were recorded at 37 cm and 42 cm, respectively, but
immature individuals were also observed for lengths
of up to 100 cm (Glebov, 1963). Female cod from the
Baltic Sea mature between 2 and 6 yr of age while males
mature for the first time between 1 and 5 yr (Alexeyev
and Alexeyeva, 1998). Cod in the North Sea also ma-
ture between 2 and 6 yr (Rijnsdorp et al., 1991). The
age range over which cod mature is very large in some
stocks. In Northeast Arctic cod, for example, all fish
from the 1923-24 year-classes were immature at 7 yr
while 100% maturity was reached by fish of 13 yr of
age, indicating that the age at first maturity for these
year classes was extended over as much as a 6 yr period
(Jorgensen, MS 1988, 1990).

Genetic variation. Variations in age- and size-at-
maturation can reflect differences in the genetical com-
position of populations or reflect phenotypic plastic-
ity in response to variations or changes in environ-
mental conditions (Rijnsdorp, 1993a). Growth rate, age-
at-maturity, and the degree of genome heterozygosity
were correlated in salmonids, genus Oncorhynchus
(Altukhov, 1994, 1998). Small-size, early maturity and
short lifespan of males was expressed in populations
with high levels of genetic heterozygosity. Heterozy-
gosity was low for large males. Females of intermedi-
ate age, growth rate, and length were characterized by
an intermediate level of heterozygosity (Altukhov and

Varnavskaya, 1983). High individual heterozygosity
corresponds to a high rate of development and matu-
ration, early age at first reproduction, and a reduced
lifespan for males. A selective fishery towards large-
size males could modify the long-term genetic diver-
sity and result in an increase of small, early maturing,
and more heterozygous males in spawning stocks.
Thus, changes in genotype frequencies over time as-
sociated with exploitation could affect the maturation
profile (Trippel, 1995). Similar mechanisms regulating
growth and maturation are probably found in other
species. Genotypic differences in somatic growth and
in the age-at-maturity of cod from Trondheimsfjord and
Oslofjord were observed using the polymorphic hae-
moglobin locus Hbl (Mork et al., 1984). Sexual differ-
ences, however, in the genotype frequencies with re-
spect to growth and age-at-maturity were observed.
The age of first spawning as estimated by otolith
spawning marks, was significantly lower for the HbI2-
2 genotype males (females were not examined). Labo-
ratory experiments with coastal and Northeast Arctic
cod indicated, however, that differences in growth and
age at first spawning reflected differences in the envi-
ronment rather than genetic differences (Gode and
Moksness, 1987).

Growth strategies. Lapin and Yurovitsky (1959)
distinguished different relationships between growth
and maturation which they related to environment and
ontogeny. The main types of relationships observed
between growth and maturation in the literature are,
fast growth rate and early maturation vs slow growth
rate and delayed maturation. Fast growth rate and de-
layed maturation are less common but have been ob-
served for Neogobius melanostomus in the Sea of Azov
(Kostyuchenko, 1961), and in sockeye salmon
(Altukhov and Varnavskaya, 1983). Dwarfism, which is
characterized by slow growth and early maturation, was
observed in populations of different fish species
(Ricker, 1981; Koshelev, 1984; Nelson and Soulé, 1987).
A summary of available data on the effect of growth on
maturation does not reveal a consistent pattern (Table
2). The proportion of North Sea plaice maturing at 4 yr
of age was directly related to the cumulative somatic
growth of 2-3-year-old fish (Rijnsdorp et al., 1991). In-
creased growth over the lifetime of a cohort and in-
creased growth in the year before maturation were re-
lated to different measures of the maturation of males
and females (Table 2) in yellowtail flounder,
Pleuronectes ferruginea, on the Grand Bank (Walsh
and Morgan, 1999). Similar relationships were not
found, however, in Northeast Arctic haddock,
Melanogrammus aeglefinus, North Sea cod and sole,
Solea solea (Kovtsova, MS 1987; Rijnsdorp et al.,
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1991). Regression models including multiple effects also
provide indirect evidence of the effect of growth on
maturation. Significant length effects in multiple re-
gression models describing the variation in the pro-
portion of mature fish for Barents Sea haddock
(Korsbrekke, 1999) and Georges Bank and Gulf of Maine
cod (O'Brien, 1999) indicate that growth has an effect
on maturation since length will contain information on
growth rate.

Density-dependent effects. Positive relationships
between the size-at-maturity and the spawning biomass
for some species and stocks provide evidence of some
form of density-dependence effect on maturation (Ta-
ble 2). In Baltic cod, a significant relationship was ob-
served between size-at-maturity (50% maturity) and
spawner biomass (Cardinale and Modin, 1999). Stock
biomass also explained a significant proportion of the
variability in the sexual maturation of cod from Georges
Bank and Gulf of Maine (O'Brien, 1999). Possible den-
sity-dependent effects were also examined by compar-
ing year-class strength to the rate of maturation. For
example, the very large 1990 year-class of haddock from
the Barents Sea appeared to be characterized by a lower
proportion of mature fish by length and age
(Korsbrekke, 1999). No well-defined relationships were
found, however, between the proportion of mature fish
and year-class abundance for North Sea plaice
(Rijnsdorp et al., 1991) and yellowtail flounder (Walsh
and Morgan, 1999).

Feeding conditions. Maturation is likely to be
affected by the feeding conditions experienced by fish
in the previous season. Thus, it was suggested that
changes in the maturation of Northeast Arctic cod of
ages 6—8 were due to the per capita consumption of
capelin (a major prey) (Ajiad ef al., MS 1998). A signifi-
cant increase was observed in the portion of mature
fish of both sexes with increasing ratio between the
consumption of capelin by cod and cod biomass (C/B
ratio) (Table 2), but the relationship decreased with
increasing age. The same type of relationship was dem-
onstrated for Icelandic cod; growth rate, and propor-
tion mature being directly related to the capelin biomass
and/or to the amount of Arctic water running in the
north of the Icelandic shelf (Malmberg, 1986).

Hydrography. Temperature conditions may influ-
ence size and/or age at maturation. Latitudinal differ-
ences in temperature were accompanied by variations
in the length at maturity of female plaice in the North
Sea (Rijnsdorp, 1993a). A negative correlation was ob-

served between L, . and the average temperature in

the third quarter of the previous growing season
(Table 2). A strong positive correlation (» =0.98; P<0.01)
between mean weight at age 4 and average bottom tem-
perature for 17 different cod stocks of the North Atlan-
tic indicates the important influence of temperature on
cod growth (Brander, 1994). Temperature also ac-
counted for a significant proportion of the variation in
the maturation of male and female cod from Georges
Bank and Gulf of Maine (O'Brien, 1999). The examina-
tion of several populations of cod from the North At-
lantic revealed a significant negative correlation be-
tween age at maturity and temperature (Myers et al.,
1997) (Table 2).

The mean age at maturity of Baltic Sea cod was
shown to be negatively related to the reproductive water
volume of the sea (the volume of the sea with suitable
salinity, oxygen, and temperature for reproduction) but
no such relationships were found for size at matura-
tion (Cardinale and Modin, 1999). Suitable levels of
oxygen (i.e. >2 ml/L) and salinity (i.e. >11%o) could be
considered as an index of stress affecting the body
mass allocated to the gonads, assuming that in poor
spawning conditions, young and small female Baltic
cod will postpone maturation.

Light and photoperiod. The manipulation of light
conditions in tank experiments has demonstrated the
effect of this factor on maturation. Experiments on
farmed cod with different photoperiods and light
intensities indicate that continuous light delayed sexual
maturation and improved growth of both sexes (Hansen
et al., 1995; Dahle et al., 2000; Karlsen et al., 2000).
Light intensity also had an effect on sexual maturation
and growth (Dahle ef al., 2000).

Diseases. Fish diseases may also influence the
maturation rate. For example, delays in the maturation
of Pacific cod (Gadus macrocephalus) were found to
be caused by parasite lesions (Westrheim, 1987).

Pollution. Disturbance of the fish reproductive
system has been observed in areas suffering from heavy
pollution. The most common types of disturbance in
fish reproductive function are the asymmetric devel-
opment of gonads and structural deformation, early
maturation, resorption of gametes at all developing
stages, missed spawning and reduction in fecundity
(Shatunovsky et al., 1996). Hermaphrodism, sterility of
specimens, and mass atresia (abortive ovulation)
observed long before spawning during accidental dis-
charge of pollutants are also reported for systems
polluted with heavy metals and oil products. The
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long-term effect of oil spills on reproduction has been
shown in marine fishes (Deniel, 1984; Brule, 1987).

Evaluation of potential proxies of maturity

Few studies show significant relationships be-
tween maturation rates and biological and environmen-
tal variables, although the overall number of such stud-
ies is increasing. The predictors of maturity rates are
likely to differ for each species and stock and vary
over time.

The highest correlations between maturity rates
and biological and environmental factors occurred in
Baltic cod (» = 0.71-0.78; Table 2). The relationships
between maturation parameters and biological and en-
vironment factors were weak in the other species and
stocks examined. Thus, present data support only
qualitative trends with respect to biological and envi-
ronmental factors.

Observed indices of fish maturation are associ-
ated mainly with indices of fish size (length). Never-
theless, as this review has highlighted, maturity is not
simply related to the attainment of a certain length or
age. Other significant factors include fish condition,
environmental conditions, stock density-dependent
effects and long-term changes in stage-dependent
mortality.

Each ecosystem has its own variables that might
influence the maturation process. In ecosystems char-
acterized by a complicated trophic structure without
dominating species (e.g. the North Sea) strong rela-
tionships between any food indices and maturity are
not to be expected. Simple, food limited ecosystems,
(e.g. arcto-boreal regions such as the Barents Sea and
the Icelandic shelf), may be more likely to exhibit rela-
tionships between trophic and maturity variables. The
quantity and quality of the food consumed, metabolic
patterns, and the amounts of accumulated proteins and
fat are probably directly involved in the triggering of
maturation in all species, but these data are difficult to
obtain routinely. In arcto-boreal ecosystems, indices
of food supply and feeding may serve as indirect indi-
ces to relate maturation to the quantity and quality of
food consumed. Common indices available include the
abundance and biomass of prey species, the availabil-
ity of prey, degree of stomach fullness, daily and yearly
consumption, frequency of occurrence of abundant
food items in stomachs of predators, and percentage
of empty stomachs.

Biological and physiological indices related to
growth and energy reserves such as increases in length

and mass, Fulton’s condition factor, fat content (e.g.
liver index in gadoids, fatness of muscular tissue in
clupeids and degree of fatness of viscera in walleye),
and indices of protein and fat metabolism could poten-
tially be used to predict fish maturation. The utility of
these indices could be limited, however, by their inher-
ent variability, the genetic variability of the popula-
tion, and environmental variation between areas (see
the fecundity section below). Areas with very specific
environments (e.g. Baltic Sea) could possibly limit gen-
eralization. For example, variability in salinity and oxy-
gen content which are specific to the Baltic Sea appear
to be important predictors of the maturation of cod in
that area. However, relationships derived for Baltic cod
are unlikely to be applicable to many other areas where
critical levels for salinity and oxygen are not encoun-
tered.

Potential use of biological and environmental factors
as proxies of maturity

Maturation rates in fish populations are subject to
considerable fluctuations. Age- and size-at-maturity
in each stock may be shaped by the hydrographic and
feeding conditions experienced by the developing
young fish and maturing individuals. Fishing, pollu-
tion, hydroelectric power stations, and water storage
basins among other human activities may also affect
maturation rates.

Further experimental and correlative investigations
of maturation of fish are needed in order to identify
physiological mechanisms associated with maturation,
as well as the basis of variation in fish maturation rates
in the wild. Such information is warranted as, in the
absence of regular field observations, erroneous as-
sumptions of fixed values of maturity ogive parameters
will lead to biased estimates of spawning stock
biomass.

Fecundity

The pattern of energy allocation to reproduction
varies considerably among fish species and is linked
to life history trade-off between egg size and egg
number (Einum and Fleming, 2000). High numbers of
relatively small eggs appear to be the favoured strat-
egy among many marine teleosts (Jennings et al., 2001).

The number of eggs per female has been variously
defined in the fisheries literature (Murua and Saborido-
Rey, 2003). Potential fecundity is defined as the number
of vitellogenic oocytes in the prespawning ovary.
Realized fecundity represents the number of eggs that
are spawned. The difference between potential and re-
alized fecundity is due to the number of atretic eggs
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(Ma et al., 1998). Batch fecundity refers to the number
of hydrated oocytes in the ovary of batch spawners at
the time of sampling (Yamada et al., 1998) or to the
number of eggs spawned in a batch (Hislop et al., 1978;
Kjesbu, 1989). Fecundity can be expressed as absolute
or relative fecundity. Absolute fecundity represents
the total number of eggs and relative fecundity is the
number of eggs per unit body weight (Tyler and
Sumpter, 1996).

Realized or annual fecundity is determined by the
number of eggs released in each spawning (batch size)
and the number of spawnings (batches) during each
season. As the batch size is related to the volume of
the body cavity, the annual fecundity is, in most fishes,
strongly related to body size (Wootton, 1999). Wootton
(1992) evaluated fish size in 238 species and found
that total volume was approximately equal to fish
length3. Similarly, fecundity is often estimated by fish
length raised to the 3—5 power (Marteinsdottir and
Begg, 2002).

Environmental conditions and nutritional status
are known to potentially have strong modifying effects
on fecundity in fish. The relative importance of envi-
ronmental and genetical factors in producing inter-
individual, inter-annual, and geographical variation in
fecundity is not, however, well known (Wootton, 1979).
Although little research has been conducted on the
genetics of fecundity in fish, it is likely that, as in mam-
mals, some specific genes are playing a role in the
determination of fecundity (Tyler and Sumpter, 1996).
Besides genetic constraints, level of energy reserves
and food intake and some environmental factors have
been related to fecundity. Fish condition, feeding level,
growth rate, prey abundance and temperature are some
of the biological and environmental factors that have
been examined in relation to fecundity. Fish condition
is a general term used to define the well-being of a fish.
Several measures have been used as indicators of fish
condition (Bolger and Connolly, 1989). Fulton's condi-
tion factor (k) is probably the most common measure
that has been used (Bolger and Connolly, 1989;
Blackwell ef al., 2000). The formula for calculating K is:

K=(W/I)s100

where W is total weight in grms, L is length in cm, and
100 is a constant used for scaling purposes. Different
formulations of the condition factor based on somatic
weight and gutted weight are also found in the litera-
ture (Millner ez al., 1991; Lambert and Dutil, 1997a, b).
Other indices have also been used as indicators of fish

condition. These include liver index (hepatosomatic
index), body water content, visceral-somatic index, gut
index, protein-energy ration, calorific values of fish tis-
sues, including protein and lipid fractions, and partial
condition factors (Bolger and Connolly, 1989).

The following section reviews the relationships
that have been observed between biological and envi-
ronmental factors and fecundity. Subsequent to this
we examined the possibility of using these relation-
ships as proxies of fecundity in the estimation of egg
production of fish stocks.

Mechanisms influencing fecundity

Fecundity is believed to be constrained by genes
and modulated by somatic growth and/or nutrition
(Tyler and Sumpter, 1996). Energy devoted to egg pro-
duction will come from accumulated energy reserves
or directly from feeding (Fig. 1). Food consumption
will determine the amount of energy that can be di-
verted to reproduction and several environmental fac-
tors (e.g. temperature, salinity, and dissolved oxygen)
will influence the quantity and availability of food. The
strength of the correlations between these environ-
mental and biological factors will influence the predic-
tive power of each of these factors. For example, sea-
sonal variation in feeding and ovarian development
could affect relationships between indices of energy
reserves and fecundity. Ovarian development occur-
ring during a period of partial or complete fasting could
lead to stronger relationships between condition, en-
ergy reserves, and potential fecundity than one for a
period of feeding. In the first case, energy invested in
egg production will come from energy reserves accu-
mulated during periods of abundant food supply while
in the second case, energy invested in egg production
will be obtained directly from feeding. Although
potential fecundity and temperature have been corre-
lated in many species, the covariation between tem-
perature and other factors might question the utility of
these relationships in some cases. In Pacific herring,
Clupea harengus pallasi, it was hypothesized that the
correlation between sea temperature and potential fe-
cundity was the result of a direct influence of tempera-
ture on gonadotropin regulation and consequently on
pre-ovulatory atresia (Tanasichuk and Ware, 1987). A
significant correlation between potential fecundity and
temperature was also observed in Northeast Arctic cod
(Kjesbu et al., 1998). Potential fecundity was also cor-
related with population biomass of Barents Sea capelin.
There were, however, indications that temperature and
capelin biomass were correlated with each other. In
such circumstances, relationships may not hold in all
environmental conditions, as temperature will not be
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Fig. 1. Schematic representation of the possible sequence and interdependence of factors
influencing gonad development and egg production. Inter-relationships between these
environmental and biological factors will determine the rules of allocation and/or
reallocation of energy in reproduction (fecundity).

the only factor regulating capelin abundance.
Predictive models are likely to be more enduring when
they are based on a well known underlying mechanism.

Fish size is the factor that most influences poten-
tial fecundity. The relationship between potential
fecundity and length is usually described by a curvi-
linear relationship (Y = aX?) with values of b typically
ranging between 3 and 5. The values of the parameters
describing the relationships can vary among species,
populations, geographic areas, and years. The coeffi-
cient of determination (+?) for each relationship can
vary according to the range in potential fecundity ob-
served for fish of the same size and also to the range of
fish size. For example, Kjesbu ef al. (1998) observed
that the r? for the relationship between potential
fecundity and length for Northeast Arctic cod dropped
considerably when larger fish were excluded from the
relationship. Thus, variations in the predictive power
of fecundity-length relationships can represent genetic,
biological, environmental, or even sampling effects.

Correlations between biological factors, environmen-
tal factors, and fecundity

Atlantic cod. Condition factor has been widely
used as an indicator of energy reserves in many spe-

cies. In Atlantic cod, condition factor and hepatosoma-
tic index have been shown to be reliable indicators of
total energy content and lipid content, respectively
(Lambert and Dutil, 1997a, b). Many studies of cod
have reported correlations between these indicators
of energy reserves and potential and/or realized
fecundity (Table 3). In laboratory experiments, cod with
high condition factors produced more previtellogenic
oocytes and used a larger fraction of these during vitel-
logenesis. Actual fecundity was between 20 and 80%
of potential fecundity depending on the nutritional sta-
tus of the fish, and a significant positive relationship
between the percentage of previtellogenic oocytes and
Fulton's condition factor was observed (Kjesbu et al.,
1991). Laboratory experiments conducted with cod from
the northern Gulf of St. Lawrence also indicated that
female cod with low energy reserves were investing
less energy in egg production (Lambert and Dutil,
2000). Realized fecundity and total egg dry weight were
significantly reduced in females with low condition fac-
tors. A multiple regression model indicated that length
and condition factor explained 72% of the variability
observed in realized fecundity. Forty-nine percent of
this variability was explained by female length, while
condition factor explained 23% of the variability.
Potential fecundity of Atlantic cod held in sea cages in
Newfoundland was greater than in wild cod of the same



LAMBERT et al.: Environmental and Biological Indices as Proxies 129

length captured in the same area (Wroblewski et al.,
1999). Differences in potential fecundity were appar-
ently related to better nutritional condition of the caged
fish which had a higher nutritional condition (Fulton's
condition factor) than wild cod. Moreover, differences
in the mean relative fecundity of caged cod from two
different locations were directly related to nutritional
condition (t-test, P=0.015).

There are also indications that condition has a sig-
nificant effect on potential fecundity in wild cod (Table
3). Significant variations in condition and fecundity of
cod were observed in the 1990s in the northern Gulf of
St. Lawrence (Lambert and Dutil, 1997b; Lambert ez al.,
2000). Significant relationships between potential fe-
cundity, length, and condition factor were observed
for maturing females in 1995 and 1998. The higher con-
dition factors observed for pre-spawning females in
1998 than in 1995 were associated with higher poten-
tial fecundities in 1998 (Lambert ez al., 2000). Variation
in fecundity of Northeast Arctic cod was also related
to condition (Kjesbu et al., 1998; Marshall ez al., 1998).
A multiple regression analysis applied to pre-spawn-
ing females captured in 1989 indicated that total length
and liver weight had direct effects on potential fecun-
dity (Kjesbu et al., 1998). Interannual variation in
potential fecundity was directly related to condition of
females. The significant changes in annual regressions
of whole body weight on total length between 1986
and 1991 were used to define the 1987 spawners as in
poor condition and those in 1991 as in good condition.
Estimated potential fecundity (regressions between
potential fecundity and total length) was found to be
44% lower in 1987 than in 1991. Potential fecundity of
Northeast Arctic cod was also observed to be signifi-
cantly correlated with environmental temperature and
capelin biomass (Kjesbu ef al., 1998). The potential
fecundity of a standard female of 90 cm was estimated
from regressions between potential fecundity and total
length using data from 1986 to 1996. This potential
fecundity was correlated to the 6-month mean tempera-
ture before spawning and the ratio of Barents Sea
capelin biomass to Northeast Arctic cod spawner
biomass (Table 3). Temperature and capelin biomass
were, however, also correlated with each other (Kjesbu
etal., 1998).

At the population level, Marshall ez al. (1998) ob-
served a significant effect of both length and condi-
tion on the relative fecundity of Northeast Arctic cod.
Condition was estimated as the mean hepatosomatic
index value of the population in the year before spawn-
ing. Interannual variation in the mean hepatosomatic
index value was also correlated to the abundance and

availability of capelin in the Barents Sea (Marshall et
al., 1998; Marshall ef al., 1999; Yaragina and Marshall,
2000).

In Icelandic cod, condition (in addition to length
or weight) was shown to be significantly related to
potential, relative, and batch fecundity (Marteinsdottir
and Begg, 2002). Generally, more variation was ex-
plained by the hepatosomatic index than by Fulton’s
condition factor and, in some years, more variation in
relative fecundity was explained by the hepatosomatic
index than by length. Up to 92% of the variation in
potential fecundity was explained by length and con-
dition (Marteinsdottir and Begg, 2002). In Baltic cod,
temperature and individual condition factor at sampling
had a significant though minor correspondence to in-
dividual potential fecundity (Kraus ef al., 2000). In an-
other study, the variability in potential fecundity of
Baltic cod was unrelated to female condition (Kraus et
al., MS 1997). For each sampling year analysed, the
residuals of the fecundity-length relationships were
unrelated to Fulton's condition factor and the
hepatosomatic index. Growth anomaly and ambient
water temperature, however, explained a substantial
amount of the observed variance in the annual aver-
age relative fecundity of Baltic cod (Kraus et al., 2000).
The multiple regression model explained 66% of the
variability and was able to give a reasonable predic-
tion of the inter-annual variation in relative fecundity.
Using another model based solely on the relative prey
availability estimated by the sprat and herring age-0
and age-2 biomass per unit of mature cod resulted in a
higher proportion of the variability in relative fecun-
dity being explained (Kraus et al., 2002). The exponen-
tial function relating relative fecundity to a prey avail-
ability index explained 72% of the variance in relative
fecundity of Baltic cod (Table 3).

Haddock. Laboratory experiments on haddock
clearly indicated that fish kept on high rations pro-
duced more eggs (realized fecundity) than those on
low rations (Hislop et al., 1978) (Table 3). Net energy
intake (kcal per day) and final condition factor were
also higher in fish with high rations. Parasitic infection
had a significant effect on the potential fecundity of
wild populations of haddock (Hislop and Shanks, 1981).
Infections by the copepod Lernaeocera branchialis
significantly reduced the potential fecundity of had-
dock in the northern North Sea. Comparisons of the
fecundity-length relationships indicated that infected
fish produced approximately 20% fewer eggs than
uninfected fish of the same length. Infected fish were
also lower in weight at length and condition (P<0.01)
than were uninfected fish (Hislop and Shanks, 1981).
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The relative fecundity of 2-year-old precocious
haddock was also significantly lower than of older fish
(Alekseyeva and Tormosova, 1979; Hislop, 1988).
These younger spawners have a relative potential fe-
cundity of 274 to 300 eggs per g, compared to 393—493
eggs per g for older fish.

Flatfish. Feeding level significantly affects the
potential fecundity of European plaice (Table 3). Plaice
fed on a high ration of 2-2.3% of wet body weight per
day had 60% more vitellogenic oocytes (potential
fecundity) than plaice kept on a maintenance ration of
0.5-1.8% of wet body weight per day (Horwood et al.,
1989). Moreover, 39% of the plaice fed with the lower
ration did not produce vitellogenic oocytes. Rijnsdorp
(1990) observed under experimental conditions that the
main response of female plaice to a low surplus energy
was to skip reproduction. The difference in potential
fecundity of small fish in both rations was very limited.
Since food was not allocated individually, it was con-
cluded by the investigators that small fish in both
groups could actually have acquired a similar ration,
resulting in a similar potential fecundity (Horwood et
al., 1989). Fecundity estimates of plaice of the south-
ern North Sea between 1977 and 1985 were examined
for relations with growth and condition (Horwood et
al., 1989; Rijnsdorp, 1991; Rijnsdorp et al., 1991). Pre-
dicted fecundity for a 40 cm female plaice based on
fecundity-length relationships and relative fecundity
(eggs per g body weight) were significantly correlated
with pre-spawning condition factor (#> = 0.67 for
fecundity and pre-spawning condition). Analysis of
potential fecundity with respect to length, age and
somatic growth indicated that somatic growth had no
effect on fecundity (Horwood et al., 1989; Rijnsdorp,
1991; Rijnsdorp ef al., 1991). Somatic growth was
unrelated to potential fecundity even though
pre-spawning condition factor showed a weak but
significant correlation with somatic growth (Rijnsdorp
etal.,1991).

Similar relationships were observed for sole from
the North Sea and eastern English Channel (Millner ef
al., 1991). Variation in potential fecundity was signifi-
cantly related to length and condition factor (gutted
weight/length’) of females at spawning while recent
growth of females (growth increment) did not signifi-
cantly improve the model. Body length explained about
75% of the variance in potential fecundity and the ad-
dition of condition factor to the model increased the
explained variance in fecundity to 93% (Table 3). In
contrast, recent growth rate appears to have a signifi-
cant influence on potential fecundity in different stocks

of sole sampled in 1991 along the European Continen-
tal Shelf from the coast of Portugal to the North Sea
(Witthames et al., 1995). A positive relationship was
observed between predicted fecundity at 35 cm (fe-
cundity-length relationships) and growth rate (esti-
mated from the slope of the length-at-age growth
curve).

The proportion of vitellogenic oocytes in winter
flounder was related to food consumption and condi-
tion factor (Tyler and Dunn, 1976). The percentage of
females producing vitellogenic oocytes increased with
increasing food ration. In maturing females, the per-
centage of oocytes not in vitellogenesis decreased with
an increase in energy consumption (kcal fish per day).
The percentage of atretic oocytes was not correlated,
however, with ration or any measures of condition (Ta-
ble 3). It was concluded, therefore, that the decrease in
the proportion of vitellogenic oocytes with the de-
crease in food ration was not due to atresia but to a
decrease in the number of oocytes entering vitellogen-
esis. Field and laboratory data also indicate that a
higher percentage of non-vitellogenic oocytes was
associated with lower condition (Tyler and Dunn, 1976).
Similar relationships were observed for both field and
laboratory data. Realized fecundity of winter flounder
in Narragansett Bay, Rhode Island sampled over the
duration of the spawning season and spawned in cap-
tivity was shown to vary directly with female size and
advancing spawning date (Buckley et al., 1991). Fe-
male size and spawning date explained 94% of the vari-
ability in realized fecundity (Table 3).

Potential fecundity of Greenland halibut,
Reinhardtius hippoglossoides, in East-Greenland,
Northeast Arctic, Flemish Cap, and Southern Grand
Bank was unrelated to liver index (hepatosomatic in-
dex) and condition factor (Gunderson et al., MS 1998;
Junquera et al., 1998; Roenneberg et al., MS 1998). No
relationship was observed between potential fecundity
and liver index for Greenland halibut in East-Greenland
and Northeast Arctic. Any length effect on potential
fecundity was not removed, however, before examin-
ing the effect of liver index (Gunderson et al., MS 1998;
Roenneberg et al., MS 1998). Large variation in the
relative potential fecundity at age (mean number of
eggs per g gutted female) was observed by Junquera
et al. (1998) for Greenland halibut in the Northwest
Atlantic. The variations in relative fecundity were not
significantly different between sampling years
(P<0.50). No difference in the values of mean condi-
tion factor at age were observed for the same sampling
years (P<0.50). It was concluded that the relative sta-
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bility in the reproductive parameters and the constancy
of condition through the period analysed may indicate
a resiliency of the life history traits in this species.

Herring, mackerel and anchovies. Experimental
manipulation of feeding level in Atlantic herring had a
significant effect on potential fecundity (Table 3). Adult
herring on half ration had a mean potential fecundity
that was 26% lower than that of fish on full ration (Ma
et al., 1998). This lower potential fecundity in low-ration
fish was associated with lower weights-at-lengths (i.e.
lower condition). Ration had no effect on relative
potential fecundity (oocytes per g). Potential and
relative potential fecundity were both affected by
condition in Norwegian spring-spawning herring
(Kurita et al., 2000). Both Fulton's condition factor and
solids condition factor (mostly protein content) had a
direct relationship with potential fecundity in the
months of January and February (P<0.001). In Pacific
herring, potential fecundity was directly related to
interannual variation in winter temperature. The mean
sea surface temperature 60—90 days before spawning
explained 41% (P = 0.0003) of the variability in potential
fecundity (Tanasichuk and Ware, 1987). A similar
relationship was observed for Atlantic herring in the
Northwest Atlantic (Winters et al., 1993). In these two
studies, interannual variation in potential fecundity
appeared to be due to an inverse relationship between
egg number (fecundity) and egg size. A density-
dependent response to stock biomass was also
observed in Atlantic herring where fecundity was
inversely related to stock biomass (Winters et al., 1993).
Batch fecundity in Japanese chub mackerel, Scomber
Jjaponicus, was affected by the nutritional state of the
spawning females (Yamada et al., 1998). Fecundity
analysis made over a limited number of females (n = 12)
and spanning a limited size range indicated a significant
correlation (= 0.721, P<0.05) between batch fecundity
and condition factor. No significant correlations
(P>0.05) were observed, however, between batch
fecundity and body size (length or weight).

Variations in potential fecundity of short-lived
clupeids are correlated with different factors depend-
ing on species. The relative batch fecundity of
Japanese anchovy, Engraulis japonicus, was signifi-
cantly related to water temperature (Funamoto and
Aoki, 2002). The potential batch fecundity of ancho-
vies, Encrasicholina devisi and E. heteroloba, from
Solomon Islands, South Pacific was directly related to
water temperature and zooplankton density, whereas
in sprats, Spratelloides delicatulus and S. lewisi,
potential batch fecundity was related to hepatosomatic

index (Milton ef al., 1995). Stepwise regression analy-
sis indicated that fish weight was consistently the most
significant variable affecting the potential batch
fecundity of the last four species. Fish weight
accounted for 24 to 71% of the variation. For the two
species of anchovy, temperature and zooplankton den-
sity explained 4 to 16% of the variation in batch fecun-
dity at the different sampling sites. Hepatosomatic index
explained 3 to 34% of the variability in batch fecundity
of the two sprat species at the different sites. The
absence of depletion in somatic reserves during repro-
duction estimated by the changes in relative condition
factor, liver weight, and deposits of lipid on the intestine
in E. heteroloba in the same area was also interpreted
as evidence that energy resources for reproduction
were obtained from food intake rather than stored
energy reserves (Wright, 1990). It was also suggested
for the anchovy Encrasicholina punctifer from West
Sumatra, Indonesia that gonadal growth (i.e. fecun-
dity) was independent of body fat but was directly
related to food intake (Maack and George, 1999).

Additional species. A very large variability in po-
tential fecundity was observed in the orange roughy,
Hoplostethus atlanticus, inhabiting the continental
slope off east Tasmania. This long-lived species is
found in a food-poor environment and has a low fe-
cundity and large egg size (Koslow et al., 1995). Multi-
ple regression analysis indicated that length, liver con-
dition, and age all had a significant effect on potential
fecundity. However, these factors explained 27% of the
variance in potential fecundity. Despite this large vari-
ability in potential fecundity, significant differences in
the mean relative potential fecundity were observed
between years. The increase in relative fecundity over
the period 1987-92 coincided with the decline in stock
size. Although limited to five years of data, a signifi-
cant negative correlation was observed between rela-
tive fecundity and stock size, suggesting a density-
dependent effect of stock size on fecundity presum-
ably through an increase in food availability (Koslow
etal., 1995).

Similar types of relationships were observed in
freshwater species. In white crappies, Pomoxis
annularis, from Texas reservoirs, the percentage of
mature eggs was positively correlated to relative weight
(r=0.861) during the pre-spawning period (Neumann
and Murphy, 1992). Total lipid content was also correlated
(r = 0.549) to the relative weight during that period.
The authors concluded that relative weight could
be a useful method of estimating physiological sta-
tus and reproductive potential in pre-spawning white
crappies.
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Evaluation of observed relationships as potential
proxies of fecundity

The above cited studies demonstrate that some
indicators of nutritional status of fish and the environ-
ments in which they live will be predictive of fecun-
dity. In many cases, highly significant relationships
between these parameters and fecundity were reported
(Table 3). The dependency of fecundity on other bio-
logical and environmental factors that were not cited
here is possible but most studies have concentrated
on the factors identified in this review.

The variety of relationships between biological
and environmental indices and potential or realized fe-
cundity emphasizes that no single factor consistently
excels in predicting fish fecundity. The predictive
power of any factor can differ between species, stocks,
and geographic areas within stocks. In long-lived spe-
cies, fecundity is likely to be related to surplus energy
accumulated during the feeding season while in short-
lived species fecundity is often related to current food
intake. Moreover, differences in the factors affecting
fecundity are evident between similar species. Poten-
tial batch fecundity was correlated with zooplankton
density in anchovies while potential batch fecundity
was correlated to the hepatosomatic index in sprat
(Milton et al., 1995). Food-limited environments will
potentially lead to stronger relationships as possible
strategies of allocation of energy between growth,
maintenance, and reproduction will be limited. Lower
species richness often observed in low-productivity
ecosystems (Kassen ef al., 2000) is likely to lead to
stronger relationships between fecundity and differ-
ent indices of nutritional status since food intake will
depend on a very limited number of prey species. On
the other hand, low energy costs or the absence of
energy costs of egg production will decrease the
dependency of fecundity on different biological and/
or environmental indices. The large variation in the
nutritional condition of Atlantic cod in the Northeast
Arctic (Kjesbu et al., 1998; Marshall et al., 1998) and
Northern Gulf of St. Lawrence (Lambert and Dutil, 2000;
Lambert ez al., 2000) and the poor condition observed
near the spawning period in some years could indicate
that these fish are in food-limited environments in com-
parison to Baltic cod (Kraus ef al., 2000) which show
higher and less variable condition. Potential fecundity
was related to different indices of fish condition in
Northeast Arctic cod (i.e. liver index) and in Northern
Gulf of St. Lawrence cod (i.e. condition factor) but not
in Baltic cod (i.e. condition factor).

In many instances, better predictions of potential
fecundity have been obtained by using more than one
factor. Length and different indices of fish condition
(liver index and condition factor) had significant ef-
fects on potential fecundity in cod (Kjesbu ef al., 1998;
Kraus et al., 2000; Lambert and Dutil, 2000;
Marteinsdottir and Begg, 2002) but length explained
the largest part of the variability. Although liver weight
and condition factor had significant effects on fecun-
dity of Northeast Arctic cod and Baltic cod, neither
explained a substantial amount of the variability
(Kjesbu et al., 1998; Kraus ef al., 2000). Their inclusion
in multiple regression models only increased the ex-
plained variance by 1%. In Icelandic cod, however, an
additional 4—13% of the variability in potential fecun-
dity was explained by adding condition factor to the
regression of fecundity on length (Marteinsdottir and
Begg, 2002). In laboratory experiments, condition fac-
tor (somatic weight/length®) explained 23% of the vari-
ability in the fecundity of cod from the Northern Gulf
of St. Lawrence (Lambert and Dutil, 2000). Differences
in the range of values for length and indices of condi-
tion between studies may partially explain the differ-
ences in relative importance of each factor. For exam-
ple, condition factor values (total weight/length?®) for
Baltic cod were between 1.02 and 1.22 while values
(based on somatic weight) for the Gulf of St. Lawrence
were between 0.7 and 1.1. Although condition factor
(gutted weight/length?®) had a significant impact on the
fecundity of sole from the North Sea and Eastern Eng-
lish channel its effect was small as the addition of con-
dition factor to the regression of fecundity on length
increased the 72 from 0.75 to 0.82 (Millner ez al., 1991).
In chub mackerel, Yamada ez al. (1998) found condition
factor (somatic weight/length®) to explain a larger pro-
portion of the variability in batch fecundity than did
length, perhaps due to the limited size range of the
females in their analysis. Observed versus possible
ranges of values for the different factors must be known
before the interpretation of their relative roles in po-
tential fecundity can be assessed.

The range of values considered in the develop-
ment of predictive models will be important, especially
if the models are developed for different stocks or for
stocks inhabiting different areas. The relative impor-
tance of different factors could change with the status
of a stock. For example, overfishing could reduce the
size range of the spawning fish and, as a consequence,
change the relative importance of length and condi-
tion factor, or any other factor, in explaining the vari-
ability in potential fecundity.



136 J. Northw. Atl. Fish. Sci., Vol. 33, 2003

Variations among stocks in correlates of
fecundity. The reported among-stock differences in
the correlations between potential/realized fecundity
and selected biological and environmental factors can
result from either differences in the environment where
the stocks reside or differences in the sampling proce-
dures. The timing of sampling, and methods of sam-
pling and calculating values of fecundity and biologi-
cal and environmental factors can be very different
between stocks (Table 3).

Comparative studies of life history patterns in fish
provide evidence of covariation in some reproductive
characteristics (Elgar, 1990). Trade-off between
fecundity and egg size could partly explain variations
among stocks in correlates of fecundity. For example,
inverse relationships between egg weight and fecun-
dity have been observed in Atlantic herring (Hempel
and Blaxter, 1967; Winters et al., 1993). However, the
annual changes in fecundity were not linearly offset
by reciprocal changes in egg size. On the other hand,
changes in energy available for reproduction within
stocks appear to be manifested primarily in the number,
not the size, of eggs produced (Bailey and Almatar,
1989). Annual differences in fecundity but not in egg
weight were observed in Baltic and North Sea herring
(Bailey and Almatar, 1989; Laine et al., 1998).

Time of sampling of the various factors may have
a considerable impact on the observed relationships
with fecundity. Monthly evaluations of the relation-
ship between condition factor and fecundity in Atlan-
tic herring indicate that the strongest effects of condi-
tion on fecundity occur during January and February
(Kurita et al., 2000). The limited effect of condition
index on fecundity of North Sea and eastern English
Channel sole was suggested to result from sampling
the fish for condition just prior to spawning-time when
condition factor (gutted weight/length®) would not
necessarily be a reliable indicator of the state of the
fish before ovary development (Millner ef al., 1991).
Measuring condition at the end of the growth period
before the re-allocation of energy reserves to matura-
tion was suggested as more useful (Millner ef al., 1991).
In such situations, however, the ovaries may not be
sufficiently developed to distinguish oocytes that will
be spawned and the data used to examine the relation-
ships between fish condition or any other biological
factor and fecundity will not be obtained at the indi-
vidual level (i.e. measures of condition and fecundity
are not obtained on the same individual). Variation in
the correlations between fecundity and selected envi-
ronmental or biological factors among stocks can also
be generated by the use of different variables. For ex-

ample, a decrease in condition due to starvation or low
feeding level during maturation could increase relative
fecundity through a change in body weight even
though the relationship between absolute fecundity
and body length remained unchanged. Thus, the use
of different indices of fecundity (absolute vs relative
fecundity) could lead to very different results. Not re-
moving length effects can also influence the relation-
ships between different measures of condition and fe-
cundity. The relationship between absolute fecundity
for a large size range of fish to the condition factor
(weight/length?®) or hepatosomatic index, which are
partially or completely independent of size, could mask
the influence of these factors. For example, no trend
was observed in the relationship between absolute fe-
cundity and hepatosomatic index (HSI) for Greenland
halibut (Roenneberg et al., MS 1998). Absolute fecun-
dity was measured, however, on fish between 65 and
110 cm. Thus, fish with different sizes and comparable
HSI values would show very different absolute
fecundities. Differences between stocks can be diffi-
cult to interpret due to the use of different definitions
and formulations for the indices used as indicators of
fecundity, biological and environmental factors. Stand-
ardization of the different indices is necessary before
comparing stocks.

Laboratory and field data. Relationships be-
tween fish condition, growth, food intake, and fecun-
dity have been observed in both laboratory and field
situations. Laboratory experiments permit the evalua-
tion of relationships in controlled conditions. Some
validation of the relationships between the above men-
tioned factors and fecundity is, however, necessary
before extrapolating the results of laboratory experi-
ments to natural situations. For example, laboratory
experiments with Atlantic cod demonstrated the effect
of condition factor (Fulton's) on the number of
previtellogenic oocytes and the fraction of these
oocytes going through vitellogenesis (Kjesbu ef al.,
1991). The condition factors and potential fecundities
of cod in the experiment were, however, much higher
than those observed in wild cod cautioning the ex-
trapolating of these results to the wild.

Direct measurements of relationships predicting
realized fecundity have only been obtained from labo-
ratory experiments. In field situations, relationships
using realized fecundity have to be extrapolated from
laboratory experiments or estimated from correlations
that predict potential fecundity and level of atresia in
the wild. Atresia is not routinely measured and few
studies have examined for possible relationships be-
tween level of atresia and fish condition, growth, or
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food intake (Murua et al., 2003). Fish condition and
food intake have significant though variable effects
on the level of atresia observed for northern anchovy
(Hunter and Macewicz, 1985), cod (Kjesbu et al., 1991;
Hardardottir, MS 2001), and Atlantic herring (Ma et al.,
1998; Oskarsson et al., 2002). In Atlantic herring, fish
on a low ration had an average incidence of atresia
twice as high as fish on high ration (5.7% vs 3%), but
this difference was not statistically significant (Ma et
al., 1998).

Potential use of biological and environmental factors
as proxies of fecundity

The usefulness of relationships between biologi-
cal and/or environmental factors and fecundity as
alternative methods of estimating egg production will
depend on the capacity of the selected proxies to ex-
plain a large proportion of the variability in fecundity
(high 7?), and on the simplicity of measurement and
availability of data for these proxies. Condition factor
is a good indicator of energy reserves in cod (Lambert
and Dutil, 1997a, b) and general feeding level in winter
flounder (Tyler and Dunn, 1976) and is potentially a
good proxy of fecundity. Close relationships between
different formulations of condition factor (total weight/
length?, somatic weight/length®) and fecundity have
been observed, as well condition factor is easy to meas-
ure. Length and weight data necessary to calculate
condition factor are also common in many databases.
Liver index, which is also a good indicator of energy
reserves, may serve as another proxy of fecundity.
Though the liver index is easy to measure, historic data
on liver weight are less common than those on length
and weight. Moreover, at least in cod, liver index cal-
culated from mean monthly values over one year
(Marshall et al., 1998) may require a significant amount
of sampling. Unless modified to reduce sampling effort
to more restricted periods, the liver index may not be
generally applied to several stocks of the same spe-
cies. Feeding level was observed to be correlated with
potential fecundity in haddock (Hislop ef al., 1978) and
plaice (Horwood et al., 1989). However, feeding level,
which is easily controlled and measured in the labora-
tory, is very difficult to measure in the wild. On the
other hand, prey abundance (i.e. prey availability index)
which can be correlated to feeding level could poten-
tially be easy to obtain from routine stock assessments
(Kraus et al., 2002).

Egg and Larval Viability

Exploited marine fish stocks produce high num-
bers of viable offspring to sustain or expand their size.

In addition to number and quality of the eggs, the time
and location of spawning are important because they
determine the environment the eggs experience once
released and fertilized. Variations in egg and larval qual-
ity are documented in aquaculture and mainly attrib-
uted to broodstock quality and environmental param-
eters experienced by the adults and their eggs. The
number of studies that revealed similar relationships
in the field is limited with the majority focused on the
relationships between female size, egg size, and larval
size or survival (Table 4). We summarize here the avail-
able information from field and laboratory studies
covering the most important fish stocks in the NAFO
and ICES areas of the North Atlantic. First, we provide
a general description of the mechanisms responsible
for the various inter-relationships between environ-
mental/biological factors and offspring production.
Second, we review the potential measures of survival
from egg to larval stage and factors that are responsi-
ble for, interact with, or simply co-vary with egg or
larval production. Third, we summarize the variety of
relationships between measures of egg and larval sur-
vival and various biological and environmental factors
with respect to their applicability as proxies of repro-
ductive potential. Biotic and abiotic processes that act
indirectly on survival such as predation and drift are
beyond the scope of this overview and are
consequently not considered.

Among the species examined, commercially impor-
tant fish species such as cod, haddock, herring, capelin
and several flatfish species including turbot, flounder
and halibut, appeared most frequently in the literature.
The influence of maternal effects on the size and qual-
ity of eggs and larvae was the most frequent type of
study on biological factors affecting eggs and larvae.
The majority of studies examining relationships
between measures of egg and larval survival and envi-
ronmental factors investigated the effects of tempera-
ture and salinity. Oxygen which is important for survival
in estuarine systems was also examined. The effect of
oxygen concentration on egg and larval survival has
been investigated in the Baltic, where the physical en-
vironment experienced by demersal stocks like cod and
flounder is characterized by low oxygen conditions
(Nissling, 1994).

Mechanisms affecting offspring viability

In contrast to fecundity, the viability of eggs and
larvae could be measured at successive developmen-
tal stages utilizing a variety of different viability indi-
cators. Thus, we categorized measures of egg and lar-
val viability into egg size, fertilization rate, egg survival/
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mortality, and larval characteristics. Naturally, each of
these stages is influenced by various biological and
environmental factors, which could differ in their
strength and direction of influence between the sub-
sequent stages. Understanding the underlying mecha-
nisms of these inter-dependencies is essential in order
to evaluate the potential of these as alternative meas-
ures of offspring viability.

The relationships between egg size and larval size
as well as other viability characteristics are well docu-
mented (Table 4). Larval size, growth, and survival are
positively related to egg size implying positive effects
on further survival of larger larvae (e.g. via larger en-
ergy reserves), a better ability to utilize a broad food
spectrum, and to avoid predators. Hence, egg size is
one of the most frequently reported primary measures
of egg quality and initial offspring size (Chambers,
1997). Additionally, egg size is related to parental char-
acteristics, e.g. female age/size, spawning experience,
pre-spawning condition, and environmental conditions
(Table 4). However, in multiple batch-spawning spe-
cies these relationships are complex, as genetic con-
straints and batch effects on egg size as well as sea-
sonally changing environmental conditions can dis-
tort or mask their significance. For example, cod spawn-
ing several batches over a prolonged spawning sea-
son, show a decline in egg size from batch to batch
(Chambers and Waiwood, 1996; Vallin and Nissling,
2000; Ouellet ef al.,2001). In the field, this individual,
seasonal decline in egg size could be confounded by
the asynchronous timing and duration of spawning
among individuals (Chambers and Waiwood, 1996;
Marteinsdottir and Steinarsson, 1998; Tomkiewicz and
Koster, MS 1999), which complicates the application
of seasonal effects as proxies of egg size at the stock
level.

Among environmental variables that might affect
the within- and between-stock variation in egg size,
temperature and salinity appear to be primary causal
factors. Despite parental influences, geographical and
seasonal differences in egg size can also result from
the effects of changing temperature and/or salinity re-
gimes. However, the coincidence between the seasonal
decline in egg size of Atlantic mackerel with the sea-
sonal decline in size distribution of planktonic organ-
isms was suspected to be an adaptive mechanism to
ensure an appropriate food spectrum for mackerel lar-
vae (Ware, 1977). Whether both the decline in plank-
ton and egg size are caused by a common factor (e.g.
rising temperatures) is hard to demonstrate but a con-
siderable amount of evidence suggests that the main

effects of temperature and salinity arise during oogen-
esis and not at the time of spawning (Chambers, 1997).
Pre-ovulated eggs are permeable to fluids, while the
ovulated egg is sealed by a largely impermeable mem-
brane. Hence, the final egg size is a product of the
osmotic balance between the pre-ovulated egg and the
body fluid of the female, which reflects at least to a
certain degree the salinity of the habitat occupied by
the female. The mechanism of the temperature effect
remains difficult to explain, because a seasonal decline
in egg size is often not only related to rising water
temperatures (e.g. in spring-spawning species), but also
to a decline in female nutritional condition as the spawn-
ing season progresses. Seasonal egg size declines oc-
curred in captive cod held at uniform temperatures
(Trippel, 1998; Ouellet et al., 2001). However, observa-
tions from egg surveys reveal an association between
the size of the eggs and the ambient water tempera-
ture, an observation that is supported by broodstock
data revealing also an inverse relationship between
both variables (Chambers, 1997).

The number of factors and the importance of envi-
ronmental influences affecting viability parameters in-
creases when the eggs are released into the surround-
ing medium; e.g. the likelihood of fertilization depends
on the environment, maternal predisposition, and pa-
ternal effects. Moreover, fertilization rate does not seem
to be influenced by the size of eggs, but significant
effects of female size and spawning stage (batch
number) were revealed in a few studies (Solemdal et
al., MS 1992a; Solemdal ez al., MS 1992b). In contrast
to the influence of female body size and age, no pater-
nal size effects have been reported. Paternal effects
include sperm density and motility (Trippel and
Neilson, 1992; Nissling et al., MS 2000), which could
be related to paternal condition (Rakitin ef al., 1999)
and water salinity (Westin and Nissling, 1991), but not
to size or age of the males.

After fertilization has taken place, additional bio-
logical and environmental variables influence the prob-
ability that the egg survives and develops into a vi-
able larva. In nature, predation mortality (Koster and
Mollmann, 2000) and oxygen conditions at depth of
neutral egg buoyancy (Nissling, 1994) are major envi-
ronmental determinants of egg mortality with the latter
being most important in stratified estuarine systems
with occasionally lethal oxygen depletion e.g. the Bal-
tic Sea. Among the parental influences on egg mortal-
ity, it seems that egg survival is related to egg size and
the spawning experience of females (Solemdal ef al.,
MS 1995), whereas no evidence was found that female
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size and condition influence survival rates. Female size
may, nevertheless, affect egg mortality through its ef-
fect on egg size.

A direct influence of maternal attributes on the
viability and survival of larvae is often less obvious
than the effect of egg size on larval size and perform-
ance. Large, well conditioned females should theoreti-
cally produce large eggs resulting in large viable lar-
vae. The maternal influence, nevertheless, often di-
minishes when investigating larval viability in relation
to female characteristics, though strong relationships
between size and condition of the females and egg size
on the one hand, as well as between egg size and
hatchling size on the other have been detected. The
large number of factors and processes that could pos-
sibly affect the developing egg up until the time that
larval viability is measured could distort the signifi-
cance of relationships between female characteristics
and larval viability parameters.

Although few investigators have shown relation-
ships between female characteristics and offspring vi-
ability (Solemdal et al., MS 1992a; Marteinsdottir and
Steinarsson, 1998), egg size could be considered an
alternative measure of offspring viability because it is
linked to female and larval characteristics.

Correlations between biological factors, environ-
mental factors, and viability indicators

Egg size. Most of the studies examining the in-
fluence of female properties on egg size have shown
that diameters or dry weights of eggs increase signifi-
cantly with female length, weight, and/or age (Table 4)
(Hempel and Blaxter, 1967; Hislop, 1988; Buckley et al.,
1991; McEvoy and McEvoy, 1991; Solemdal et al., MS
1993; Kjesbu et al., 1996; Pedersen et al., MS 1997;
Marteinsdottir and Steinarsson, 1998). In general, no
large differences between length, weight, and age ef-
fects on egg size were observed. The strongest rela-
tionships between length and egg size were revealed
for turbot, Scophthalmus maximus, (> = 0.42, P<0.001,
McEvoy and McEvoy, 1991) and cod (+>=0.42, P 0.001,
Vallin and Nissling, 2000). Marteinsdottir and
Steinarsson (1998) explained 43% of the variance in
egg size of Icelandic cod and McEvoy and McEvoy
(1991) explained 36% of the variance in egg size in tur-
bot by female weight. Female age explained 34 and 39%
of the variance in egg size of Baltic (Pedersen ef al.,
MS 1997) and Icelandic cod (Marteinsdottir and
Steinarsson, 1998), respectively. A significant relation-
ship between egg size and several female condition

indices has been reported for cod (0.34<r?<0.86),
capelin (0.42<72<0.72) and haddock (Hislop et al., 1978;
Chambers ef al., 1989; Chambers and Waiwood, 1996;
Marteinsdottir and Steinarsson, 1998; Ouellet ef al.,
2001), whereas no significant relationship was revealed
for turbot (McEvoy and McEvoy, 1991). At the same
time, size and weight of eggs have been shown to de-
crease during the spawning season in cod
(0.42<r%<0.57, P<0.05, Kjesbu and Kryvi, 1989; Kjesbu
etal., 1991; Solemdal et al., MS 1992a; Kjesbu et al.,
1996; Marteinsdottir and Steinarsson, 1998; Bleil and
Oeberst, 1999; Ouellet et al., 2001), winter flounder (7
=0.31, P=0.0008, Buckley et al., 1991), turbot (P<0.001,
McEvoy and McEvoy, 1991) and haddock (Hislop et
al., 1978). A distinction between factors that co-vary
with versus influence egg size is needed when explor-
ing relationships between environmental factors and
egg size (Chambers, 1997). Regional differences in egg
size may be due to genetic effects or differences in size
structure of the parental stocks inhabiting different
areas (Hempel and Blaxter, 1967). Seasonal changes in
egg size may similarly result from seasonal changes in
the parental stock structure, e.g. when small vs large
sized spawners initiate spawning at different times
(Hutchings and Myers, 1993; Marteinsdottir and
Bjornsson, MS 1999; Tomkiewicz and Koster, MS 1999)
or from the negative relationship between female stage
of spawning (batch number) and egg size resulting in a
gradual decline in egg size as the season progresses.
There are, however, several indications that offspring
size may be influenced by physical parameters includ-
ing temperature and salinity. These might in fact con-
tribute to the underlying mechanisms of seasonal, re-
gional, between species or between stock variations in
egg size. Chambers (1997) demonstrated that among a
large number of marine fish species egg size as well as
larval size at hatching declined with increasing tem-
perature (excluding extremely low temperature at which
larval size decreased with decreasing temperatures).
This was valid for natural populations as well as for
captive fish. Miller ef al. (1995) observed in
ichthyoplankton surveys that cod egg and larval sizes
were negatively correlated with ambient temperature
(7> =0.52, P<0.001), an observation supported by the
experimental works of Ouellet ef al. (2001) on cod
(P<0.001) as well as Buckley et al. (2000) on cod
(0.17<r?<0.3, P<0.01) and haddock (0.22<r?<0.26,
P<0.01). The mechanisms responsible for salinity in-
duced differences in egg size have been discussed by
Chambers (1997). Salinity-induced differences in egg
size might explain a considerable amount of the varia-
tion between marine and estuarine stocks of the same
species, but seem to play a minor role at the stock
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level, where specimens are subjected to relatively sta-
ble conditions over the ripening and spawning period.
Hence, no relationships between egg size and salinity
were found within stocks.

None of the reviewed studies reported trends con-
tradicting the above general relationships between char-
acteristics of females and eggs, though some studies
did not detect statistically significant effects associ-
ated with female length (Solemdal ef al., MS 1992a;
Bleil and Oeberst, 1999), condition (McEvoy and
McEvoy, 1991), and spawning stage (Kjesbu and Kryvi,
1989; Kjesbu et al., 1991; Nissling ef al., 1994). Simi-
larly, contradicting trends in relationships based on
temperature were scarce, but Kjesbu ez al. (1996) found
no empirical evidence to suggest that environmental
temperature regulated the observed seasonal trend in
egg size and Pepin et al. (1997) found that size of
Atlantic cod larvae increased with increasing tempera-
ture (P<0.05). The latter observation is not necessarily
contradicting the general temperature trend; reasons
for the inverse temperature effect on larval size at hatch-
ing are discussed below.

Fertilization rate. Despite the fact that fertiliza-
tion rate is an easily measured parameter it has not
frequently been addressed by studies focusing on re-
lationships with parental characteristics (Table 4). Ma-
ternal factors identified to influence fertilization rate
are female size (Trippel, 1998; Bleil and Oeberst, 1999),
stage of spawning (Solemdal et al., MS 1992b; Bleil
and Oeberst, 1999) and the interaction of female size
and spawning date (winter flounder: »*=0.13, P<0.05,
Buckley et al., 1991) with only the latter study giving
an indication of the significance of the relationship.
The correlations between female size and fertilization
rate were positive, whereas female spawning state/sea-
son was either related negatively (Solemdal et al., MS
1992b) or unrelated to fertilization rate (Norberg et al.,
1991). Furthermore, Buckley ef al. (1991) detected a
strong, positive relationship between female GSI and
fertilization rate in winter flounder (2= 0.61, P<0.001),
but found no correlation between condition indices
and fertilization success. Neither female size nor stage
of spawning showed consistent significance and con-
dition was unrelated to fertilization rate. In cod, fertili-
zation success was independent of male size (Rakitin
et al., 1999). These authors as well as Trippel and
Neilson (1992) concluded that there is no need to adjust
spawning stock reproductive potential by the varia-
tion of sperm quality with male age/size. However, male
condition had an impact on fertilization success
(Rakitin et al., 1999) and further evidence exists that
male stock characteristics may be more important in

sub-optimal environments, e.g. low salinity in estua-
rine systems (STORE, 2000).

The exogenous impacts on fertilization rate were
examined by testing temperature (Brown et al., 1995)
and salinity (Kjorsvik et al., 1984; Nissling et al., MS
2000). In all studies considered, salinity was directly
related to fertilization rates while temperature was in-
versely related to it. None of the reviewed studies pro-
vided probability values for the variables investigated.
Relationships between temperature, salinity, and ferti-
lization rates have most likely not been established
due to the fact that the experimental studies were un-
able to test a sufficiently large number of temperature
and salinity regimes. Nevertheless, the observed trends
were consistent in all studies. Egg-specific phenotypic
features like size or malformation were unrelated to fer-
tilization. In summary, the available information on
possible predictors of fertilization rate is relatively
scarce and its applicability is complicated by combined
male and female influences. Furthermore, the revealed
relationships were often weak or nonsignificant, call-
ing into question their utility to improve estimates of
reproductive potential. For further examination of
the male effect on spawning potential see Trippel
(2003).

Egg survival. Cod has been studied most inten-
sively among those species examined (Table 4).
Grauman and Yula (1989) were able to show that older
cod females influenced egg survival in the Central Bal-
tic, whereas Pedersen ez al. (1997) were unable to de-
tect an age effect on the egg malformation rate in incu-
bation experiments with Baltic cod. Solemdal (MS 1995)
reported higher egg mortality for first-time spawning
Norwegian coastal and Northeast Arctic cod than found
in repeat spawners. Correlation analysis indicated that
survival of Baltic herring eggs, as well as their hatch-
ing success, were directly related to female condition
factor and female muscle fat content (Laine and
Rajasilta, 1999). With respect to the environmental pa-
rameters, several relationships between egg survival
and temperature, salinity, and oxygen have been re-
ported. Temperature influences egg survival in cod
(Iversen and Danielssen, 1984; Heessen and Rijinsdorp,
1989) and plaice (Heessen and Rijinsdorp, 1989),
though Heesen and Rijnsdorp, whose estimates were
based on egg mortality in the field, considered tem-
perature to be of minor importance compared to preda-
tion. Salinity had a direct and significant influence on
the survival of Baltic cod eggs (Nissling and Westin,
1991; Nissling, 1994). Oxygen seems to play an impor-
tant role only in areas where the spawning layers are
characterized by persistent oxygen depletion e.g. the
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Baltic. A positive correlation between egg mortality
and decreasing oxygen content was reported from in-
cubation experiments with Baltic cod eggs (Nissling,
1994; Wieland et al., 1994). As a consequence, there is
an additional impact of egg size on survival in the Bal-
tic. As egg size is inversely related to salinity at depth
of neutral buoyancy (7> = 0.49, P<0.001), eggs with
higher buoyancy allow development in less dense and,
thus, less saline water above the frequently oxygen
depleted bottom water layer (Vallin and Nissling, 2000).
Besides two studies on Baltic cod eggs (Bulgakova
and Grauman, MS 1990; Vallin, MS 1999) we were un-
able to find within our review any commonly valid rela-
tionships that tried to apply egg size as a predictor of
egg survival.

Viable hatch/larval survival. The size of larvae
as well as other parameters associated with larval vi-
ability (hatching success, survival, feeding ability, and
growth) were significantly related to egg size/weight
in many species (Table 4) including cod (Knutsen and
Tilseth, 1985; Miller et al., 1995; Pepin et al., 1997,
Marteinsdottir and Steinarsson, 1998; Nissling ef al.,
1998; Trippel, 1998), turbot (McEvoy and McEvoy,
1991), capelin (Chambers ef al., 1989) and winter floun-
der (Buckley ef al., 1991). Despite the fact that many
studies were able to show that large females with
spawning experience produce larger eggs than did
smaller females, and that larger eggs hatch into larger
more viable larvae, few studies detected direct rela-
tionships between characteristics of the female and
those of the larvae. Species for which significant rela-
tionships could be demonstrated were cod (Solemdal
et al., MS 1992a; Marteinsdottir and Steinarsson, 1998)
and winter flounder (Buckley et al., 1991), whereas both
studies on cod did not detect relationships between
all measures of female and larval characteristics. As an
example, Marteinsdottir and Steinarsson (1998) related
larval growth significantly to female length (#>=0.11,
P<0.05), age (1 =0.14, P<0.05) and liver condition (+*> =
0.25, P<0.01) but not to female weight. Solemdal et al.
(MS 1992b) detected significant relationships between
larval dry weight and female weight (P<0.024), stage of
spawning (> = 0.51, P<0.001), and the proportion of
white muscle of body weight (P<0.004). In most cases,
this indicates a weaker relationship between maternal
and larval parameters compared to maternal egg pa-
rameters (Table 4) (Buckley et al., 1991; Marteinsdottir
and Steinarsson, 1998; Trippel, 1998). In addition to
egg size, early embryonic parameters like cleavage pat-
terns or blastomere malformations were related to lar-
val parameters. Hatch rates for cod (Pickova ef al.,
1997), turbot (#> = 0.92, P<0.01, Kjersvik et al., MS
1998) and Atlantic halibut (P<0.05, Shields ez al., 1997)

were directly linked to normal cleavage and blastomere
formation. The use of these early embryo parameters
as proxies of offspring quality is questionable due to
the large effort required to measure them.

Temperature was the environmental factor most
frequently investigated for effects on hatch rate and
larval viability. Again, cod has been the dominant sub-
ject of research (Table 4). Temperature was reported to
have a significant positive impact on hatching suc-
cess and larval length at hatch (Pepin et al., 1997). The
opposite trend was observed in an experimental study
on hatching success of Atlantic halibut but the level
of significance was not provided (Brown et al., 1995).
Miller et al. (1995) also reported a significant negative
effect of temperature on larval length (> = 0.51,
P<0.001). An increase in larval mortality with rising
temperature was detected by Iversen and Danielsen
(1984), but again an indication of the significance of
the relationship was lacking. The relationships found
by Pepin ef al. (1997) are not necessarily contradicting
the otherwise consistent relationships between larval
parameters and temperature. Chambers (1997) found a
dome shaped relationship between length at hatching
and temperature in Atlantic cod using a broad range of
temperatures including extremely low values. The tem-
perature range used by Pepin corresponds to the lower
range of conditions in Chambers' treatments. Moreover,
the relationship seems to be triggered by the low stand-
ard length of the experimental group incubated at —
1°C. The above studies emphasize caution when inter-
preting the effect of temperature on larval quality un-
less the functional response has been quantified over
the full temperature range that is encountered by the
species of interest. The direction of the temperature
impact may change depending on whether the obser-
vations are on the ascending or descending limb of a
dome shaped relationship. Furthermore, the strength
of the temperature effect might depend on the measure
chosen, e.g. hatch rates and larval performance might
be affected differently.

Salinity and oxygen effects on hatch and larval
viability have been reported mainly for the Central Bal-
tic, where the saline bottom layers are commonly oxy-
gen depleted. A rise in cod larval mortality at low salin-
ity (P<0.01) and low oxygen conditions indicated a
higher sensitivity of larvae to reduced salinity when
subjected to unfavorable oxygen conditions (Nissling,
1994; Nissling et al., 1994).

Evaluation of predictors of egg viability

From our review, the most promising predictors of
egg and larval quality were related to female spawning
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experience, status (Solemdal et al., MS 1992a; Solemdal
et al., MS 1995), size, and condition (Marteinsdottir
and Steinarsson, 1998). Strong environmentally based
relationships were restricted to stocks in extreme habi-
tats. Despite the fact that a variety of endogenous fac-
tors related to offspring viability affect more than one
life stage, the impact of only a few factors could be
followed through the successive developmental
stages. In studies that found significant relationships
between maternal parameters and measures of egg and
larval viability, female size/age effects explained 11 to
14%, condition between 12 and 25% and stage of
spawning 42 to 51% of the variability in larval viability
parameters. However, in a large number of studies sig-
nificant results were not revealed at all. In his exten-
sive review on sources of variation in egg size, Cham-
bers (1997) reported inconsistent relationships between
egg size and the age and size of females, but indicated
that at least part of the inconsistencies may be attrib-
uted to confounding batch or season effects. Except
for herring, where Hempel and Blaxter (1967) did not
reveal significance for all stocks and years included
and for cod, where in two out of eleven cases (Solemdal
et al., MS 1992a; Bleil and Oeberst, 1999) no signifi-
cance was found, we were able to reveal positive rela-
tionships between female size and egg size consist-
ently among North Atlantic species covered within this
review. Whether in some of the examined studies the
"first-time spawner effect" (Solemdal ez al., MS 1995;
Kjesbu et al., 1996; Trippel, 1998; Vallin and Nissling,
2000) is solely responsible for the positive correlation
between female and egg size, or just adds to the effect
remains unclear, as in many studies no differentiation
was made between first and repeat spawners. The in-
corporation of "first-time spawner effect" in the esti-
mation of reproductive potential would be justified as
this parameter is also an important determinant of oth-
ers aspects of reproductive potential (e.g. fecundity
and recruitment). The inclusion of age diversity has
been shown to improve substantially the stock-recruit-
ment relationship of Icelandic cod (Marteinsdottir and
Thorarinsson, 1998). Recruitment of Eastern Baltic cod
was demonstrated to be significantly influenced by
the age structure of the adult stock (Cardinale and
Arrhenius, 2000) and egg production of age group 5+
(Vallin and Nissling, 2000). In addition to female size
and spawning experience effects, a decline in egg size
over the spawning season was observed for all batch
spawners. Though this decline has been observed in
field studies (Ware, 1977; Miller et al., 1995) and was
experimentally quantified for various fish stocks
(Kjesbu et al., 1996; Trippel, 1998; Vallin and Nissling,
2000; Ouellet ez al., 2001), the application in reproduc-

tive potential models remains difficult as the spawning
activity of large and small females is asynchronous
(Kjesbu et al., 1996; Trippel et al., 1997b;
Marteinsdottir and Bjornsson, MS 1999; Tomkiewicz
and Koster, MS 1999) and the timing of the spawning
season may not be constant over years (Wieland et
al.,2000).

In several cod stocks, female condition affects off-
spring viability and explains up to 80% of the variance
in egg size. The influence of the maternal liver index
and condition factor on larval feeding and growth has
only been reported for Icelandic cod (Marteinsdottir
and Steinarsson, 1998). It seems that the effect of con-
dition on viability plays an important role in stocks
exposed to temporal shortages in food supply. For ex-
ample in Eastern Baltic cod, which experience abun-
dant prey (e.g. sprat stocks are at the highest level on
record, ICES, MS 1999), no impact of female condition
on size and buoyancy of eggs was observed (Vallin
and Nissling, 2000). In contrast, significant relation-
ships have been found in Icelandic and Northwest At-
lantic cod stocks (Chambers and Waiwood, 1996;
Marteinsdottir and Steinarsson, 1998; Marteinsdottir
and Begg, 2002). Apparently, the impact of female con-
dition is weaker than the seasonal effect and regulates
fecundity rather than offspring quality (Kjesbu ef al.,
1998; Marshall et al., 1998; Lambert and Dutil, 2000).
Female condition indices appear to be the most prom-
ising proxies for the number of eggs produced per
female, but they also may be predictive of the quality
of eggs produced. When considering the paternal in-
fluence, information is generally scarce. Male condi-
tion has been shown to affect fertilization success
(Rakitin ef al., 1999) and further evidence exists, that
male characteristics become important under sub-opti-
mal conditions in for example estuarine systems
(STORE, 2000), but these findings are far from being
applicable in prediction models in the foreseeable fu-
ture.

The endogenous factors discussed above are re-
lated to parental phenotype and are, therefore, likely
to change with the size/age and condition composi-
tion of the spawning population (Solemdal, 1997),
which have been shown to affect stock-recruitment
relationships (Marshall ez al., 1998; Marteinsdottir and
Thorarinsson, 1998). Additionally, several exogenous
factors have been identified that act independently of
stock structure, but affect egg and larval production
during oogenesis or after the eggs are released. Among
these are temperature, salinity and oxygen. For estuar-
ies, which are characterized by a persistent stratification
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of water masses, oxygen depletion, and low salinity
have proven to be of additional importance for viability
parameters. The effects of temperature on egg and lar-
val size are documented and reviewed by Chambers
(1997). Egg size and size at hatch generally decrease
with increasing water temperatures in both marine and
freshwater species. The interpretation of these results
is somewhat complex, as temperature might not equally
affect the sequential processes of ontogeny (Cham-
bers, 1997). However, the sum of the underlying proc-
esses seems to result in consistently higher hatch rates
(Brown et al., 1995; Buckley et al., 2000), larger larvae
(Miller et al., 1995; Chambers, 1997) and reduced mor-
tality (Iversen and Danielssen, 1984) at cooler tempera-
tures. Potential problems in these relationships may
arise under extreme conditions as very low tempera-
tures result in small sizes at hatching (Chambers, 1997;
Pepin et al., 1997) and decreased hatch rates (Buckley
et al.,2000). The dominant pattern of increased size of
eggs and larvae at cooler temperatures makes water
temperature a candidate to be incorporated in models
of reproductive potential. Nevertheless, its implemen-
tation as a proxy of reproductive potential remains dif-
ficult due to the fact that temperatures are largely un-
predictable. Furthermore, differences in timing of
spawning and maternal seasonal effects may amplify
or counter the effects due to temperature (Kjesbu et
al., 1992).

Effects of salinity on egg size of marine fish are
rarely reported (Nissling and Westin, 1997). Low salin-
ity, common to estuarine systems, appears to affect
fertilization success (Solemdal, MS 1970; Kjorsvik et
al., 1984; Westin and Nissling, 1991; Nissling ef al.,
MS 2000) as well as egg and larval survival (Nissling,
1994; Nissling et al., 1994). Oxygen as a limiting factor
of reproductive success appears to play an important
role only in extreme environments such as estuaries,
where development of fish eggs is restricted to saline
bottom water that is subjected to seasonal depletion
of oxygen reserves. For cod of the Eastern Baltic, oxy-
gen, salinity and temperature have been identified to
be key variables responsible for successful reproduc-
tion and led to the definition of the threshold values of
reproductive volume (Plikshs et al., MS 1993;
MacKenzie et al., 2000), i.e. a water volume character-
ized by minimum requirements for egg survival (salin-
ity 11 psu; 2 ml/l oxygen concentration and 1.5°C). The
definition of such threshold levels appears to be a
means of accounting for environmental variables whose
actions are not fully understood or those variables that
affect different ontogenetic levels at different rates.
This method has already been applied in stock-recruit-
ment models of Eastern Baltic cod (Koster ef al., 2003).

Summary

This review demonstrates that with our present
knowledge, alternative methods of measurement could
potentially be developed for some of the reproductive
characteristics needed to estimate egg and larval pro-
duction. Relationships between biological and envi-
ronmental factors and sex-specific maturity at size or
age, fecundity, egg viability, and/or larval hatching
success demonstrate the large variability in these re-
productive parameters and the capacity of some bio-
logical/environmental indices to explain a substantial
amout of this variabiliy. This emphasizes the impor-
tance of monitoring on a routine basis the reproduc-
tive characteristics of fish stocks in order to obtain
accurate measurements of stock reproductive poten-
tial (Tomkiewicz et al., 2003). In that context, the use of
relationships between biological/environmental indi-
ces and reproductive characteristics as predictors of
maturation, fecundity, and egg/larval viability provide
a means of estimating reproductive potential in the
absence of data for some reproductive characteristics,
in situations where routine monitoring of these param-
eters is impossible or to simplify the measurement of
reproductive characteristics.

Fecundity is probably the best candidate variable
that could be estimated by indirect methods. These
indirect methods include the relationships between
indices of nutritional condition (condition factor, liver
index) and potential fecundity. Some of the indices sat-
isfy the important criteria for surrogates of predictabil-
ity and simplicity. Significant correlations were ob-
served between various maternal attributes, egg and
larval characteristics, and egg and larval viability. Un-
fortunately, these associations could rarely be followed
through successive developmental stages. The rela-
tionships between female spawning status (first time
vs repeat spawner) and the size and survival of eggs
and larvae are probably the most promising proxies for
egg and larval viability. The concept of reproductive
volume may represent a means to incorporate environ-
mentally based proxies into egg production models. At
this time it appears that qualitative information about
egg and larval survival could be obtained from evalu-
ating female spawning status in populations.

Considerable fluctuations exist in maturation and
age- and size-at-maturity. Suitable proxies for age- and
size-at-maturity have yet to be identified. Growth and
condition of adults, population density (i.e. spawning
biomass), and temperature effects are among the list of
potential proxies for age- and size-at-maturity, but the
proportion of variability in age/size-at-maturity ex-
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plained by these variables is low. Given our present
knowledge, an adequate proxy for age/size-at-maturity
does not exist.

Important criteria to consider for the use of rela-
tionships between biological/environmental indices
and reproductive characteristics as indirect measures
of age/size-at-maturity, fecundity, and egg/larval
viability include the capacity of these indirect meas-
ures to explain a large proportion of the variability in
the reproductive parameters, the simplicity of meas-
urement of these indirect measures, and their possible
scale of application. Before advocating the use of sur-
rogate measures of a stock's reproductive potential, a
careful examination of the predictive power of indirect
measures is needed. Models explaining >65% of the
variance and having narrow confidence intervals and
steep slopes (b) will yield greater predictive power
(Prairie, 1996; McEdward and Morgan, 2001). Some form
of validation will also be necessary in order to deter-
mine the appropriate level of generality of the relation-
ships used as proxies. Some relationships may be stock
specific while others may be applicable to several
stocks.

The correlations between reproductive character-
istics and environmental and biological indices can be
an interesting tool to hindcast and predict egg/larval
production and viability in fish stocks. This informa-
tion could also be used to explain variability in rela-
tionships between spawning biomass, egg/larval pro-
duction, and recruitment. We suggest that case studies
using different populations of the same species could
be used as a method of validation of these alternative
approaches. Laboratory studies that examine relation-
ships between biological and environmental indices
and realized fecundity, level of atresia, egg/larval char-
acteristics and viability could further improve our
capacity to estimate reproductive potential. These
studies once validated, could be extrapolated to field
situations.

There is increasing evidence that potential egg
production is superior to spawning stock biomass as a
measure of the reproductive potential of a stock
(Marshall et al., 1998; Marshall et al., 1999; Kraus et
al.,2002; Marshall ez al.,2003). Accurate estimation of
reproductive potential will require a close monitoring
of sex ratio, age/size-at-maturity, fecundity, and egg
survival. In the absence of regular information on these
reproductive parameters, indirect measures of these
parameters based on relationships between biological
and environmental factors and reproductive charac-
teristics would be most valuable.
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