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Abstract

Reproductive success, best defined as lifetime total offspring to reach maturity, is the product of 
the number of eggs produced (i.e., fecundity) per season, adult reproductive life span and offspring 
survival to maturity. Life history traits at the population level can be seen as a representation of the 
fate of individuals through their life cycle. For practical purposes, reproductive success is often 
separated in two components: reproductive potential and offspring survival to maturity. In studies of 
exploited marine fish populations, spawning stock biomass (SSB) is commonly used as a proxy of 
reproductive potential instead of direct measures of the egg production of the stock. This technique 
assumes, however, that egg production per unit of biomass is time-invariant. This assumption is 
unsupported by a review of the literature. Seasonal fecundity varies in relation to parental quality 
(e.g., size, condition), resource availability (e.g., food abundance and quality), environmental (e.g., 
temperature) and evolutionary factors (e.g. stock biomass, fishing pressure). Recent studies and use 
of generalized linear models to hindcast fecundity variations demonstrate that stock reproductive 
potential estimated by the total egg production can lead to different perceptions of the state and 
productivity of the stock. The recent development of cost-effective methods to count egg numbers of 
fish now makes it practical to routinely determine potential fecundity. Adding measures of fecundity 
to other demographic parameters that are already commonly measured for exploited marine fish 
stocks allows a more precise measurement of the reproductive potential. One possible outcome of 
measuring reproductive potential as demonstrated using northern Gulf of St. Lawrence cod as a case 
study is the calculation of the intrinsic rate of population increase (r), an essential parameter in popu-
lation dynamics and evolutionary ecology, which can be used in determining sustainable harvesting, 
resilience, and potential rates of recovery of populations.
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reproductive potential, reproductive success.

Introduction

Reproductive success can best be defined as the 
passing of genes onto the next generation in a way that 
they too can pass those genes on (Clutton-Brock, 1988). 
It is a key element in the theories of natural selection and 
evolution. Reproductive success can be represented as 
lifetime total offspring to reach maturity; it is estimated 
as the product of fecundity per season (number of off-
spring per mating event and number of mating events 
per season), adult reproductive life span and offspring 
survival (Clutton-Brock, 1988). However, determining 
individual life span and the fate of offspring produced by 
individuals is not easy and may be impossible for many 
aquatic species (Vincent and Giles, 2003). However, at 

the population level, variations in life history traits might 
be used as a representation of the life cycle of individuals 
(Caswell, 2001).

Reproductive success is often broken into two com-
ponents: reproductive potential and offspring survival to 
maturity. In fisheries, total stock egg production and re-
cruitment to the fishery can be seen as measures of these 
two components. For most exploited marine species, fe-
cundity is related to recruitment variation (Rickman et 
al., 2000), and stock-recruitment models representing 
relationship between parental population and number of 
offspring produced are widely used to assess stock via-
bility (Marshall et al., 2006). Different stock-recruitment 
models have been developed (Ricker, 1954; Beverton 

Publication (Upload) date: 10 Sep 2008

http://journal.nafo.int


J. Northw. Atl. Fish. Sci., Vol. 41, 200894

and Holt, 1957; Shepherd, 1982), but a high degree of 
unexplained variability of the data around each model is 
a common problem. It is of more than historic interest, 
however, to note that these models were originally based 
on relations between fecundity of the stock and recruit-
ment (Rothschild and Fogarty, 1989; Koslow, 1992) but 
that spawning stock biomass (SSB) has generally been 
regarded as an index of fecundity when fitting such 
models. It cannot simply be said that SSB is a common 
metric in stock-recruitment models, particularly in ma-
rine fish populations, but also that direct measurement 
of fish fecundity is rare. For example, between 1878 and 
the mid-1990s, individual fecundity for all northwest At-
lantic cod stocks was measured for ~600 fish (Trippel, 
1999). Tomkiewicz et al. (2003) observed that fecundity 
data was rarely available to determine the total egg pro-
duction of 42 Northwest Atlantic groundfish stocks, for 
any year, let alone a time series.

The use of spawning stock biomass (SSB) as a proxy 
for stock total egg production (TEP) implies that the fe-
cundity of the mature fish is independent of their age, 
body size, or condition, and that annual egg production 
per unit weight of adult stock is not variable over time. 
These assumptions are challenged in many studies (Mar-
shall et al., 2003; Tomkiewicz et al., 2003; Yoneda and 
Wright, 2004; Murua et al., 2006). There is increasing 
evidence indicating that direct proportionality between 
SSB and stock egg production may not always exist 
(Marshall et al., 1998; Marshall et al., 1999; Scott et al., 
1999; Trippel, 1999; Marteinsdottir and Begg, 2002).

This paper reviews some general factors that af-
fect fecundity for marine fishes in general and includes 
specific examples for Atlantic cod (Gadus morhua) and 
herring (Clupea harengus). Next, the case for routinely 
measuring fecundity in marine fish populations is made, 
particularly in light of new methodological develop-
ments. The capacity to develop fecundity models to 
hindcast variations in potential fecundity and total egg 
production of stocks is also examined. Finally, the use 
of fecundity data to determine reproductive success and 
develop alternative measurements of population dynam-
ics in exploited marine fish is explored.

This paper largely relies on published data. How-
ever, for some of the objectives, published data from 
different studies were also re-analysed and/or presented 
differently. Finally, specific data collated for the north-
ern Gulf of St. Lawrence cod population are used as an 
example for the development of fecundity models and 
to demonstrate how the measurement of reproductive 
characteristics of fish population can be used to develop 
alternative measurement of population growth.

Fecundity Definitions and Methods of  
Determination

The number of eggs produced per female has been 
variously defined in fisheries literature and different fe-
cundity terms have been used in relation to the reproduc-
tive strategy of the fish and oocyte recruitment or stages. 
Definitions of reproductive strategies, spawning pattern, 
ovarian organization and fecundity terms used in the 
present review are found in (Murua et al., 2003; Murua 
and Saborido-Rey, 2003). In most studies, fecundity usu-
ally refers to potential annual fecundity, which represents 
the total number of advanced yolked oocytes matured 
per female and year, uncorrected for atretic losses (Mu-
rua et al., 2003). As in many studies, the term potential 
fecundity used throughout the present paper represents 
potential annual fecundity.

The estimation of fecundity usually refers to the de-
termination of the number of vitellogenic oocytes (i.e., 
potential fecundity). Different methods exist but their 
use will depend on the species under investigation, re-
sources and laboratory facilities available (Murua et al., 
2003). Traditionally, potential fecundity is determined 
by a gravimetric or volumetric method (Bagenal, 1978; 
Kjesbu and Holm, 1994). Although these methods are 
simple, inexpensive and give reliable results, the work 
is time-consuming and tedious (Thorsen and Kjesbu, 
2001). However, new methods are developed to reduce 
the time and labor involved in measuring fecundity. For 
example, Thorsen and Kjesbu (2001) developed a meth-
od to measure oocyte density (number of eggs/g) using 
an image analysis system. An image analyser was used 
to automatically determine mean oocyte diameter of a 
gonad sample and the oocyte density was determined 
with a calibration curve. In general, it took 5 minutes 
to prepare the sample, measure oocyte diameter and 
process the data. Similarily, procedures based on im-
age analysis have also been developed to measure ef-
ficiently and at low cost potential fecundity (Friedland et 
al., 2005; Klibansky and Juanes, 2008). Although some 
validation process is necessary before using these meth-
ods, they represent a major advancement in the efficient 
measurement of potential fecundity.

Biological Constraints of Fecundity

Potential fecundity is strongly influenced by female 
size, trade-off between egg size and egg number, repro-
ductive strategy and spawning pattern of the species. 
While size of oocytes will have a direct influence on 
maximum number of hydrated oocytes that can be pro-
duced in one time, reproductive strategy and spawning 
pattern will determine the possible number of eggs that 
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can be produced in the spawning season. Species with 
indeterminate fecundity where potential annual fecundi-
ty is not fixed before the onset of spawning will have the 
capacity to produce more eggs than species with deter-
minate fecundity where new vitellogenic oocytes are not 
produced during the spawning season. In the same way, 
batch spawners which released hydrated eggs in batches 
over a protracted spawning period will have the capac-
ity to produce more eggs than total spawners where all 
oocytes are hydrated and shed in a single episode.

Because female fish retain their oocytes internally 
during their development, maximum reproductive out-
put will be subjected to morphological constraints. The 
volume of the body cavity will limit the reproductive al-
location at each spawning event. This limitation will re-
sult in correlations between reproductive investment and 
fish size. As the volume of body cavity is related to size, 
the potential fecundity in many fish species is strong-
ly related to body size (Wootton, 1992, 1999). Female 
size explained 25–98% of the variability in the poten-
tial fecundity of different freshwater and marine species 
(Kamler, 2005). In a review of the potential fecundity of 
Atlantic cod (Gadus morhua) for different stocks, years, 
and size range of fish, 38–90% of the variability in po-
tential fecundity was explained by female size (Lambert 
et al., MS 2005). This large influence of size is clearly 
demonstrated by the general use of relationships between 
fecundity and female size (usually expressed as length or 
weight) to describe variations in the fecundity of marine 
fish species.

The constraint associated with the volume of the 
body cavity can also result in a trade-off between egg 
size and egg number; larger egg volume decreasing the 
maximum number of eggs that can be produced. The 
inverse relation between egg size and egg number in 
spring and autumn spawning herring, a total spawner 
with determinate fecundity is a known example of this 
possible trade-off (Hempel and Blaxter, 1967; Winters 
et al., 1993).

Female attributes other than size have also been 
shown to influence potential fecundity. Variations in the 
nutritional status estimated from different indices of con-
dition like the condition factor or liver index significant-
ly influence potential fecundity of Atlantic cod, plaice 
(Pleuronectes platessa), and sole (Solea solea) (different 
studies reviewed in Lambert et al., 2003). Variability in 
batch fecundity in some pelagic species (Milton et al., 
1995; Yamada et al., 1998) and in seahorses (Vincent 
and Giles, 2003) has also been related to the nutritional 
status of the fish (i.e., condition factor). Independent of 

size, age and reproductive experience (defined as first vs 
repeat spawners) also influence potential fecundity. For 
example, first time spawners of Atlantic cod had lower 
realized annual fecundity (number of eggs released per 
female in a year) than repeat spawners of similar size 
(Trippel, 1998).

Ecological Constraints of Fecundity

Besides the determinant influence of female size, 
potential fecundity is also modulated by environmental 
conditions. Numerous studies showed relations between 
potential fecundity and many environmental factors such 
as food abundance/ availability/ consumption, tempera-
ture, fish density, and biomass index (Trippel, 1998; 
Lambert et al., 2003; Kamler, 2005). Laboratory stud-
ies demonstrated the positive relation between potential 
fecundity and food ration in haddock (Melanogrammus 
aeglefinus), plaice, herring and winter flounder (Pseu-
dopleuronectes americanus) (Tyler and Dunn, 1976; 
Hislop et al., 1978; Horwood et al., 1989; Ma et al., 
1998). In natural environment, prey abundance/density 
has been related to potential fecundity in cod (Kjesbu 
et al., 1998; Marshall et al., 1999; Kraus et al., 2002) 
and to batch fecundity in the anchovy (Encrasicolina 
heteroloba) (Milton et al., 1995). Correlations between 
biomass index and potential fecundity were observed for 
herring and cod with higher potential fecundity observed 
in periods of lower biomass levels (Winters et al., 1993; 
Yoneda and Wright, 2004). Finally, higher temperature is 
associated with higher potential fecundity in cod (Kjesbu 
et al., 1998; Kraus et al., 2000) and herring (Tanasichuk 
and Ware, 1987) and higher batch fecundity in the an-
chovies (E. heterobola and Engraulis japonicus) (Milton 
et al., 1995; Funamoto and Aoki, 2002).

Variability in environmental conditions will directly 
or indirectly through their influence on growth and nu-
tritional status result in a wide range of variation in po-
tential fecundity. This variability is clearly demonstrated 
by the different potential fecundity-size relationships 
(length is commonly used as the measure of size) ob-
served for many species in the literature. Annual varia-
tions in these relationships can be seen as the response of 
individual females to varying combination of biological 
and environmental influential factors. For mainly most 
marine fish species, significant differences in relation-
ships between potential fecundity and length have been 
detected between populations, geographic areas, and 
years (Almatar and Bailey, 1989; Winters et al., 1993; 
Kraus et al., 2000; Marteinsdottir and Begg, 2002; Lam-
bert et al., 2003). For example, the examination of the 
relationships for 13 Atlantic cod stocks covering periods 
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of 2–10 years for each stock indicated an extremely 
large variation in the fecundity of this species (Lambert 
et al., MS 2005). The potential fecundity varied from 
150 000–25 million eggs (Fig. 1). A 10-fold difference 
in potential fecundity was observed for a 60 cm female 
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Fig. 1.  Range of variation in the potential fecundity-length 
relationships of Atlantic cod (Gadus morhua) and 
Atlantic herring (Clupea harengus). Minimum and 
maximum values of fecundity for each species were 
obtained from studies on potential fecundity-length 
relationships observed for different populations, geo-
graphic areas and years.

(range: 209 000–2.2 million eggs). Moreover, the exami-
nation of the relationships between potential fecundity 
and length indicated important variations in the rela-
tive fecundity with size; the slopes of the relationships 
varying between 1.15–5.46 (Lambert et al., MS 2005). 
This variability indicates that relative potential fecundity 
(number of yolked oocytes per g of female weight) will 
be variable with size. Although showing a lower extent 
of variation, potential fecundity within cod populations 
is nevertheless significantly different from year-to-year. 
Significant differences in the order of 33%, 44% and 
between 14–106% depending on size, were observed 
between years in potential fecundity for Baltic, North-
east Arctic and Icelandic cod populations, respectively 
(Kjesbu et al., 1998; Kraus et al., 2000; Marteinsdottir 
and Begg, 2002).

Although of a lower amplitude than for Atlantic 
cod, potential fecundity in Atlantic herring is also very 
variable (Fig. 1). Studies of Atlantic herring populations 
from both sides of the North Atlantic indicate a variation 
in potential fecundity between 14 000–301 000 eggs for 
fish in a size range of 24–38 cm (Messieh, 1976; Kelly 
and Stevenson, 1985; Almatar and Bailey, 1989; Win-
ters et al., 1993; Oskarsson and Taggart, 2006). A 2- to 
3-fold difference in the potential fecundity for a fixed 
size is observed. A large proportion of this variability is 
associated with the spawning time of the fish. For ex-
ample, for a fixed size of 33 cm, the potential fecundity 
varies between 72 000–145 000 in spring spawners com-
pared to 99 000–175 000 in autumn spawners. This dif-
ference in potential fecundity is largely associated with 
differences in egg size. In the North Sea, egg weight for 
spring spawners varied between 25.3–30.8 mg/100 eggs 
compared to a variation between 14.3–18.7 mg/100 eggs 
for autumn spawners (Almatar and Bailey, 1989). As ob-
served for Atlantic cod, large variations in the slopes of 
the fecundity-length relationships were observed with 
the lowest slope having a value of 3.31 and the steepest 
one a value of 6.03. These studies showed significant dif-
ferences in the slopes and intercepts of the relationships 
between populations, between spawning groups (i.e., 
spring and autumn spawners), and between years within 
populations.

The influence of a combination of environmental 
factors on potential fecundity may be a more complex 
response than a simple cumulative effect of these differ-
ent influential factors. Specific combinations of environ-
mental factors may impose some constraints on the pos-
sible patterns of energy allocation between maintenance, 
growth, and reproduction of the fish. The comparison 
of potential fecundity of Atlantic cod populations of 
Georges Bank (GB) and Southern Gulf of St. Lawrence 
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(SGSL) which are found in different environmental 
conditions is supporting this idea. In a study on the pro-
ductivity of North Atlantic cod stocks, SGSL cod stock 
has been classified as one of the less productive stocks 
and GB cod stock in a group of more productive stocks 
(Dutil and Brander, 2003). Potential fecundity measure-
ments made from 1998–2000 indicated, with combined 
data of different years in each stock, that the size-specific 
potential fecundity of SGSL cod was 27% higher than in 
GB cod (McIntyre and Hutchings, 2003). Higher gona-
dosomatic index (GSI) were also observed for SGSL cod 
in the same study. These differences between the stocks 
were interpreted as an indication of higher reproductive 
investment in SGSL in response to slower growth, lon-
ger time to reach maturity, and higher pre-reproductive 
mortality (McIntyre and Hutchings, 2003).

Data from McIntyre and Hutchings (2003) study 
and assessment documents for GB and SGSL cod stocks 
(Chouinard et al., MS 2005; O'Brien et al., MS 2006) 
allow the examination of the allocation of energy be-
tween growth and reproduction in these stocks. Length 
and weight data at age from SGSL and GB cod assess-
ments documents and corresponding GSI (McIntyre and 
Hutchings, 2003) were used to estimate the allocation of 
total weight increment during a year between somatic 
growth and reproductive investment (Fig. 2). In the pe-
riod of 1998–2000, GB cod reached a length of ~75 cm 
and a weight of ~4.6 kg at age 5 (O'Brien et al., MS 
2006) while similar length and weight were observed at 
age 14 in SGSL cod (Chouinard et al., MS 2005). Sur-
plus mass (increase in somatic mass plus increase in 
gonad mass estimated from GSI) accumulated over two 
successive years was calculated for cod of similar size 
(i.e., 65–75 cm) using corresponding ages for each stock. 
GB cod which is having higher growth rate than SGSL 
had 37–44% of its surplus mass invested in reproduction 
compared to 54–58% for SGSL cod (Fig. 2). The end 
result is that size-specific potential annual fecundity is 
higher in SGSL cod even if the stock is among the less 
productive in the North Atlantic.

Modeling Fecundity

In the review so far, it is apparent that fecundity can 
vary widely between individuals of the same population 
(e.g., by female size), and between years, populations, 
and species. Furthermore, these variations are likely to 
be adaptive and such variation has obvious importance 
for stock assessment and management of fisheries. So, 
then, it may seem remarkable that as a life history trait, 
fecundity is rarely monitored. In contrast, data on age, 
size, weight, sex and maturity are extensively collected 
for many marine fish stocks which allows the use of time 
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Fig. 2.  Somatic growth and gonad investment as proportion 
of the surplus mass accumulated during the year for 
Atlantic cod from southern Georges Bank (GB, 1999 
and 2000) and Gulf of St. Lawrence (SG, 1998 and 
1999). Mass allocations were calculated for ages of 
fish corresponding to lengths of 65–75 cm. Data were 
obtained from the studies of McIntyre and Hutchings 
(2003), Chouinard et al. (MS 2005), and O’Brien et 
al. (MS 2006).

series of annual data for assessing age structure, abun-
dance at age, spawning stock biomass (Tomkiewicz et 
al., 2003). The absence of time series on fecundity may 
be associated with the large use of SSB as a proxy of re-
productive potential and stock-recruitment relationships 
in age-structured population models. Moreover, for anal-
ysis requiring information on the egg production, many 
studies rely on potential fecundity data from the same 
stock but measured at a different time period or potential 
fecundity data coming from other stocks assuming un-
important effect of variability in potential fecundity.

Time and cost limitations may be responsible for the 
absence of monitoring of the fecundity. However, as de-
scribed earlier, new methods and procedures developed 
in recent years provide tools to monitor on a regular basis 
the potential fecundity. Recent studies examining alter-
native and more accurate measures of reproductive po-
tential stimulated the interest in measuring more closely 
the variability in potential fecundity an its influence on 
stock reproductive potential.

The variability in potential fecundity between years 
observed for different species and stocks has been analy-
sed in relation to influential factors known to modulate 
potential fecundity (Kraus et al., 2000; Lambert and 
Dutil, 2000; Marteinsdottir and Begg, 2002; Blanchard 
et al., 2003; Yoneda and Wright, 2004; Thorsen et al., 
2006). Potential fecundity of Northeast Arctic (NEA) cod 
determined during a period of large interannual variation 
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in the condition factor (Kjesbu et al., 1998; Yaragina and 
Marshall, 2000) demonstrated the significant effect of 
condition on potential fecundity (Thorsen et al., 2006). 
Based on this observation, a multiple regression model 
relating potential fecundity to total length and Fulton’s 
condition factor explained 93% of the total variability of 
NEA cod during the period from 1986–2004 (Thorsen 
et al., 2006). In haddock (Melanogrammus aeglefinus), 
similar models based on length and relative condition 
factor and length and hepatosomatic index were used to 
predict variation in the potential fecundity (Blanchard et 
al., 2003). However, condition factor did not always ex-
plain a significant proportion of the variability in poten-
tial fecundity. For example, prey availability index was 
a better predictor of fecundity in Baltic cod than condi-
tion factor (Kraus et al., 2002). A simple model obtained 
with an exponential function relating relative potential 
fecundity to prey availability index explained 72% of the 
variability in the potential fecundity between years.

Generalized linear models using co-variate or mul-
tiple regression factors to incorporate significant influen-
tial factors explaining inter-annual variations in potential 
fecundity can advantageously be used to hindcast and 
predict variations in potential fecundity. As already men-
tioned, potential fecundity is not monitored routinely in 
most stocks. However, other variables like the condition 
factor that explains a significant proportion of the vari-
ability in potential fecundity in many stocks is estimated 
from length and weight data that are often available on a 
regular basis. Thus, generalized linear models based on 
length and condition factor can be used to explain a large 
proportion of the yearly variability in potential fecundity 
and hindcast time series of variations in potential fecun-
dity. These models could clearly be used to reconstruct 
potential fecundity time series.

Applications of Fecundity Data to  
Stock Assessment

The combination of time series of potential fecun-
dity data obtained from monitoring and/or the develop-
ment of generalized linear potential fecundity models to 
demographic parameters largely available for exploited 
marine fish stocks allows the monitoring of total egg 
production of stocks (TEP). TEP which represents the 
total number of advanced yolked oocytes (i.e., potential 
annual fecundity) produced by a population in a breed-
ing season will be dependent on the number of fish at 
age, size at age, sex ratio, proportion of females mature 
at age and potential fecundity (Trippel, 1999).

Reconstruction of potential fecundity time series 
were used to examine the variation in the reproductive 

potential of different species and stocks. For Eastern Bal-
tic cod, TEP proved to be superior to SSB as a measure 
of stock-recruitment relationship (Kraus et al., 2002). 
The estimation of TEP for NEA cod gave a different in-
terpretation of the recruitment response to reductions in 
stock size than the use of SSB (Marshall et al., 2006). 
On the other hand, TEP which was considered as the 
best estimate of the reproductive potential of haddock 
on the eastern Scotian Shelf did not notably improve 
the stock-recruitment relationship although it generated 
a new viewpoint of stock dynamics (Blanchard et al., 
2003). For different cod stocks around Newfoundland, 
estimates of reproductive potential produced by includ-
ing this improved biological information changed the 
perception of the size of the spawning stock and levels 
of stock productivity as measured by reproductive rate 
and spawning stock produced per recruit (Morgan and 
Brattey, 2005).

The differences in the coefficients of determination 
(r² = 0.26–0.8) in the relationships between TEP and 
SSB for different cod and haddock stocks indicate vari-
able levels of dependence between the two (Marshall et 
al., 2003). However, even in the presence of high cor-
relation between TEP and SSB, the use of TEP can be 
justified by the fact that it is incorporating precise re-
productive characteristics of the stock (Marshall et al., 
2003). Moreover, the determination of TEP and the es-
timation of the number of recruits allow the calculation 
of survival rates of individual cohorts. Thus, adding the 
monitoring of potential fecundity to the biological infor-
mation on age, length, maturity, weight, and sex that are 
recorded annually in most exploited marine fish stocks 
can be used to build time series on the variation in TEP 
and recruitment.

Case Study: Northern Gulf of St. Lawrence 
(NGSL) Cod

An ongoing study on the variations in the reproduc-
tive potential of cod in the northern Gulf of St. Lawrence 
is used to demonstrate the application of an efficient 
method to routinely measure potential fecundity, to eval-
uate a fecundity model tracking annual changes in poten-
tial fecundity, and to determine TEP for this stock. The 
use of the different demographic parameters determining 
reproductive potential is also examined in relation to the 
reproductive success of the stock and as an alternative 
method for the measurement of population dynamics in 
exploited marine fish.

Data on the potential fecundity of NGSL cod obtained 
in 1995 and 1998 (Lambert and Dutil, 2000; Lambert et 
al., 2000) are combined to new potential fecundity data 
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obtained from samples collected in 2001 and 2002 in the 
northern Gulf of St. Lawrence and Southern Newfound-
land (NAFO divisions 3Pn4RS and 3Ps, respectively). 
These data were used to apply the auto-diametric method 
(Thorsen and Kjesbu, 2001) for the determination of the 
potential fecundity of cod in the NGSL and to develop 
a multiple regression model describing the interannual 
variations in potential fecundity of the stock.

Biological characteristics of cod in the northern Gulf 
of St. Lawrence necessary to estimate TEP were col-
lated from information on age, length, maturity, weight 
and sex data that are recorded annually by the Canadi-
an Department of Fisheries and Oceans during annual 
groundfish survey (DFO, MS 2007), Groundfish Senti-
nel Fisheries Program (http://www.osl.gc.ca/pse/en/), 
and supplementary research surveys conducted during 
the pre-spawning period in 1995 and 1998. Population 
numbers-at-age, lengths-at-age, sex ratio-at-age, and the 
proportion of females that are mature-at-age were de-
rived from these data. Total egg production (TEP) of the 
stock was estimated as:

TEP N r p fx
x

x x x
3

13

where Nx represents the number of fish at age x estimated 
from the SPA (Fréchet et al., MS 2005), rx the sex ratio 
at age, px the proportion of mature females at age x, and 
fx the potential fecundity at age x .

Auto-diametric Fecundity Method for NGSL Cod

The ovary samples of Atlantic cod collected in 2001 
and 2002 in different areas of the northern Gulf of St. 
Lawrence and Southern Newfoundland (Table 1) were 
used to determine the number of yolked oocytes/g ovary 
and mean yolked oocyte diameter of each fish. The num-
ber of yolked oocytes/g ovary (NOG) was determined 
using a traditional volumetric method (Lambert and 
Dutil, 2000) and mean yolked oocyte diameter (OD) was 

Year Date Sampling area n
2001 Apr–May northern Gulf of St. Lawrence (4R) 171
2002 Apr–May northern Gulf of St. Lawrence (4R) 72
2001 Apr–May northern Gulf of St. Lawrence (3Pn) 49
2001 Apr–May southern Newfoundland (3Ps) 84

TABLE 1.  Samples of Atlantic cod from northern Gulf of St. 
Lawrence and southern Newfoundland used for po-
tential fecundity analysis. Year, sampling months, geo-
graphic area with NAFO divisions in parenthesis and 
number of fish are presented.

evaluated using an image analysis system (Thorsen and 
Kjesbu, 2001). Calibration curves relating OD to NOG 
were estimated for the different areas and years (Fig. 3). 
Analysis of covariance on log transformed data indicate 
that calibration curves for the different years and areas 
are identical. Morever, the following relationship calcu-
lated for the grouped data:

NOG OD1862 7 2 5933. .

(r² = 0.93) is essentially the same as the one developed 
for Northeast Arctic cod by Thorsen and Kjesbu (2001). 
A difference of less than 6.5% is observed between NOG 
estimated with the two calibration curves indicating that 
these relationships could be valid for most Atlantic cod 
stocks. This relationship may as well be applicable to 
other species as the specific density of yolked oocytes 
determined by the yolked oocyte weight per unit of vol-
ume may result in similar relation between OD and NOG 
for different species. Specific density of vitellogenic oo-
cytes which is largely associated with water, lipid and 
protein contents may not be variable enough due to dif-
ferences in the relative composition of the oocytes and 
specific density of water, proteins and lipids to result in 
significant differences in NOG. In a review of 25 marine 
and freshwater fish species, Kamler (2005) observed a 
small range of caloric value of egg dry matter (20–30 J 
mg-1) for freshly spawned eggs indicating similar protein 
and lipid composition of vitellogenic oocytes before hy-
dration.

This apparent stability in the calibration curve relat-
ing NOG to OD might indicate that the “auto-diametric 
fecundity method” presented by Thorsen and Kjesbu 
(2001) can possibly represent an efficient method for 
the measurement of potential fecundity for many species 
and stocks. Then, this approach would allow accurate 
and fast measurement of potential fecundity and provide 
a tool to easily monitor yearly variations in potential fe-
cundity.
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Fig. 3.  Relationship between mean egg diameter and number of eggs/g for Atlantic cod sampled in 
different areas and years. Data for cod from the northern Gulf of St. Lawrence (4R and 3Pn) 
and southern Newfoundland (3Ps) are presented along with the relationship for combined 
data as no significant differences were observed between areas and years.

Multiple Regression Model Describing Interannual 
Variation in Potential Fecundity

Interannual variations in potential fecundity of 
NGSL cod are examined by comparing potential fecun-
dity-length relationships observed in 1995, 1998, 2001, 
2002. Significant differences in the potential fecundity-
length relationships are observed between the years (Ta-
ble 2, Fig. 4). Comparisons of slopes obtained with linear 
regressions on log transformed data and adjusted means 
with ANCOVA indicate that the potential fecundity was 
lowest in 1995 and highest in 1998. Mean condition fac-
tor for maturing fish sampled at the same periods and 
years showed similar variation. Significant differences 
(1-way ANOVA and Tukey’s test) were observed be-
tween the years with the lowest condition factor value in 
1995 and the highest value in 1998 (Fig. 4). Laboratory 
experiments with NGSL cod demonstrated similar sig-
nificant effects of condition factor on realized fecundity 
(Kjesbu et al., 1991; Lambert and Dutil, 2000). A mul-
tiple regression model using length and condition factor 
as dependent variables explained 72% of the variability 
in realized fecundity (i.e., number of eggs released by a 
female during the breeding season).

The dependence of potential fecundity on length 
and condition factor was also evaluated in natural envi-

ronment. A multiple regression model indicated that both 
fork length and condition factor had significant effects 
on potential fecundity (Table 3). The regression model 
explained 79% of the total variability in potential fecun-
dity. The model describing the potential fecundity (fec, 
millions of eggs) in relation to fork length (L, cm) and 
condition factor (Ks) was:

fec L Ksexp ln ln14 525 3 630 1 515. . .

Given the high proportion of the total variability in 
potential fecundity explained by this regression model, 
a time series of the changes in potential fecundity for 
NGSL cod based on length and interannual variation 
in the condition factor could be estimated. Length and 
weight data available in different surveys conducted 
since 1984 might be used to analyse the annual variation 
in the condition factor of maturing female cod and con-
struct a time series describing the changes in potential 
fecundity between years.

Determination of Rate of Population Increase from 
Information on Reproductive Potential

The yearly monitoring of potential fecundity and 
other demographic parameters commonly obtained from 
surveys provides the empirical values necessary to de-
termine age-specific rates of survival and fecundity and 
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Fig. 4.  Fecundity-length relationships (upper panel) and 
mean condition factor of maturing cod (lower panel) 
in the northern Gulf of St. Lawrence in 1995, 1998, 
2001, and 2002. Significant differences in the condi-
tion factor between years are identified by different 
letters. Number of observations for each year are pre-
sented in parenthesis.

Year Sampling Size range (cm) b a r² n
1995 Apr–May 37–65 3.964 0.065 0.70 53
1998 Apr–May 35–60 3.86 0.151 0.72 120
2001 Apr–May 37–90 3.265 1.4587 0.79 220
2002 Apr–May 36–65 3.527 0.499 0.73 72

TABLE 2.  Regression parameters of the relationships betweeen poten-
tial fecundity and fork length (Y = aXb) for cod sampled in 
the northern Gulf of St. Lawrence. For each relationship, 
year of sampling, sampling months, size range of fish, the 
slope (b), the intercept (a), the coefficient of determination 
(r²) and the number of observations (n) are presented.

consequently, fecundity per season, adult reproductive 
life span and offspring survival, the elements determin-
ing reproductive success.

Variation in reproductive success is a key compo-
nent for theoretical studies on sexual selection and mat-
ing behavior to models of population dynamics (Clut-
ton-Brock, 1988; Myers et al., 1999; Vincent and Giles, 
2003). Reproductive success will determine the popula-
tion’s rate of increase which is considered by many as 
the most important in population dynamics, evolutionary 
ecology and biology (Roff, 1992; Stearns, 1992; Lande, 
1993; Myers et al., 1997; Hutchings, 1999). Intrinsic 
rate of population growth (r) is commonly use to rep-
resent population growth rate. Life tables incorporating 
age-specific rates of survival and fecundity are used to 
estimate reproductive rate (i.e., lifetime fecundity) and 
rate of population growth (r) by solving the Euler-Lotka 
equation:

e l mrx

x

w

x x
α

1 0.

where lx is the probability of survival to age x, mx is the 
number of female offspring produced per female at age 
x, α is the age at first maturity and w is the maximum 
reproductive age (Caswell, 2001).

Life table analysis was used to estimate intrinsic 
rate of population growth of cod in the NGSL. Year-
specific demographic parameters (numbers-at-age, 
lengths-at-age, sex ratio-at-age, proportion of females 
that are mature-at-age, fecundity-at-age, and survival) 
were assembled to obtain annual estimates of r for the 
years 1995, 1998, 2001 and 2002. The number of female 
offspring produced per female at age x (assuming a 1:1 
male:female ratio at birth) was estimated as:

m p fx x x0 5.

with px representing the proportion of females that are 
mature at age x and fx the potential fecundity of a female 
at age x. The proportion of females that were mature-at-
age was estimated from mean length-at-age and the pro-
portion of females mature-at-length estimated using a lo-
gistic equation relating the proportion of mature females 
to length (Table 4). Fecundity-at-age was estimated from 
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d.f. Sum of Sq Mean Sq F Pr(F)
ln (Length) 1 133.5529 133.5529 1637.585 <0.0001
ln (Ks) 1 8.6658 8.6658 106.257 <0.0001
Residuals 459 37.4337 0.0816

TABLE 3.  Summary statistics of the multiple regression model re-
lating potential fecundity to fork length and somatic 
condition factor (Ks) for cod in the northern Gulf of St. 
Lawrence. Fish sampled in the years 1995, 1998, 2001, 
and 2002 were used for the analysis.

1995 1998 2001 2002
Intrinsic rate of population growth (r) 0.057 0.025 0.100 0.104
Total mortality rate (Z0-3) 4.236 4.447 4.407 4.338
Natural mortality rate (M3+) 0.4 0.3 0.2 0.2
Length-at-age (Length)1

a -9.88 4.22 0.34 4.85
b 33.77 25.11 27.94 25.70

Proportion mature females at length (P)2

a -11.79 -14.09 -6.29 -7.63
b 0.32 0.34 0.14 0.16

Potential fecundity at length (PF)3

a 0.065 0.151 1.46 0.50
b 3.96 3.86 3.27 3.53

1  Length = b ln Age + a
2  P = 1/(1+exp-(a+b Length))
3  PF = a Lengthb

TABLE 4.  Summary of parameter values used to construct life tables and estimate in-
trinsic rate of population growth (r) for the different years. Instantaneous 
rate of total mortality from birth to age 3 (Z0-3), instantaneous rate of natu-
ral mortality of 3+ fish (M3+), length at age, proportion of mature females 
at length, and potential fecundity at length observed for each year are pre-
sented. Parameters of the different equations allowing the calculations of 
the number of female offspring produced per female at age x are presented. 
Intrinsic rate of population growth for each year was obtained by solving the 
Euler-Lotka equation.

the relationships between potential fecundity and length 
and mean length-at-age for each year (Table 4).

The probability of surviving to age x (lx) was calcu-
lated from the results of the sequential population analy-
sis (Fréchet et al., MS 2005). Survival was divided into 
two categories: survival from birth to age 3 years and 
survival from age 3+. Instantaneous rate of mortality per 
year between the total egg production of the stock (TEP) 
and the abundance of cod of age 3 was used to calculate 
survival from birth to age 3. Values of instantaneous rate 
of natural mortality (M = 0.2–0.4) consistent with cod 

stock assessment in the NGSL (DFO, MS 2007) were 
used to determined survival probability of age 3+ fish. 
Determination of r was made using PopTools, an add-in 
tool for PC versions of Microsoft Excel downloadable 
from: http://www.cse.csiro.au/poptools/.

The use of direct measures of fecundity and other 
life history parameters defining reproductive potential 
lead to estimates for r between 0.025–0.104 for the years 
1995, 1998, 2001, and 2002 (Table 4) with lower values 
in the 1990s when the stock was at its lowest historic 
estimates of biomass (DFO, MS 2007). Empirical values 
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of r for these 4 years are much lower than maximum 
population growth rates (r) estimated for overfished cod 
stocks in the Northwest Atlantic (Table 5).

Early estimates of r by Myers et al. (1997) ranged 
from 0.15–0.31 (16–36% increase in population numbers 
per year), which indicated population doubling times 
ranging from 2.2–4.6 years (Table 5). However, these 
overfished stocks did not increase measurably within a 
few years, which lead to several further lines of inquiry, 
namely that: 1) the available research surveys were in-
sensitive to detect low rates of increase; 2) the popula-
tion growth rates were calculated using an age structure 
that no longer is present and where therefore r was over-
estimated; or 3) that r has changed due to variation in 
the life history characteristics influencing r (Hutchings, 
1999). Using a stochastic age-structured model, Hutch-
ings (1999) estimated lower r values representing rates 
of increase between 15–17% for northern Grand Bank 
cod (Table 5), and he postulated that these new, much 
longer estimates of DT (4.3–5.0 years) were more ac-
curate and could explain the slow recovery of these cod 
stocks. The use of empirical data for NGSL cod gives 
an even lower potential of increase of the population. 
The maximum annual rate of increase of the NGSL cod 
population would vary between 2.6–10.9% and doubling 
time of the population would be between 6.7–27.2 years 
in the absence of fishing. Such low empirical values of r 
for the NGSL cod stock are not unexpected and could be 
realistic since this stock which is still subject to a limited 
fishery has not shown any significant sign of recovery 
(Shelton et al., 2006).

The ability of a population to recover is determined 
by the initial population size, the intrinsic rate of popula-
tion growth (r), and the degree of compensation or de-
pensation (Allee effect) in the spawner-recruit relation-
ship (Jennings, 2001). Calculation of r (and more so of 
the percentage of increase per year and doubling time) 
which is central to determine rebuilding times is a met-
ric that is easy to convey to fishery managers and policy 
makers. In fact, the power behind r is that it integrates a 
number of life history characteristics that may vary from 
population to population or even within a population 
over time. Still, it should be evident from this review 
that if proxies (e.g., SSB) are used to estimate popula-
tion growth then the calculations may not properly cap-
ture the variation of life history traits that are inherent 
in natural populations. Development of an analytical ap-
proach using r, beginning with collection of the required 
fecundity data, may lead to considerable advancement 
of our understanding of the productivity and resiliency 
of exploited fish stocks. Such information has practical 
application to determine stock rebuilding strategies, to 
examine the impact of fishing on rebuilding time, and 
to disentangle the relative role of different demographic 
parameters (growth, age at maturity, fecundity, juvenile 
and adult survival, etc.) on r and recovery.
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Stock r % / year DT
Present study

N. Gulf of St. Lawrence (3Pn4RS) 0.025–0.104 2.6–10.9 6.7–27.2
Myers et al. (1997)

Labrador/N.E. Newfoundland (2J3KL) 0.17 (0.26) 18.5 (29.7) 4.1 (2.7)
S. Grand Bank (3NO) 0.27 31.0 2.6
N. Gulf of St. Lawrence (3Pn4RS) 0.20 22.1 3.5
St. Pierre Bank (3Ps) 0.31 36.3 2.2
S. Gulf of St. Lawrence (4TVn) 0.15 16.2 4.6

Hutchings (1999)
Labrador/N.E. Newfoundland (2J3KL) 0.14–0.16 15.0–17.4 4.3–5.0

TABLE 5.  Intrinsic rate of population growth (r), annual rate of increase in percent 
per year (% / year) and doubling time in years (DT) for different cod stocks 
in the Northwest Atlantic. Values in parentheses from Myers et al. (1997) 
study represent a correction to original values made by the first author.
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