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Abstract: A laboratory study was undertaken to investigate whether Northeast Atlantic herring (Clupea harengus), i.e.,
Norwegian spring-spawning herring, exhibit a ‘‘sensitive period’’ during the feeding season in which ovary development is
particularly susceptible to food availability and (or) energy reserves. Groups of herring received similar amounts of food
over the restricted summer – early autumn feeding season but the food availability was varied temporally between groups.
The herring, an extreme capital breeder, did not exhibit a sensitive period, as there was no difference in fecundity or ovary
maturation between groups. However, individuals that did not reach a Fulton’s condition factor (K) above 0.70 during the
feeding season were less likely to begin ovary maturation. Those below this threshold showing ovary development began
later and had a higher intensity of atresia than fish in better condition. To maximize fecundity, females recruited signifi-
cantly more oocytes than they could support through to spawning, thus the oocytes were subsequently down-regulated.
Some would have skipped spawning in the coming spawning season; these fish had a very low K. Taken together, this
study demonstrates that this capital breeder has developed a suite of reproductive strategies to synchronize the production
of the highest number of eggs energetically possible.

Résumé : Nous avons entrepris une étude de laboratoire pour examiner si les harengs (Clupea harengus) du nord-est de
l’Atlantique, c’est-à-dire les harengs norvégiens à fraie printanière, possèdent « une période sensible » durant la saison
d’alimentation pendant laquelle le développement de l’ovaire est particulièrement influencé par la disponibilité de la nour-
riture et (ou) les réserves énergétiques. Des groupes de harengs ont reçu des quantités semblables de nourriture pendant la
courte saison d’alimentation de l’été et du début de l’automne, mais avec des variations temporelles de disponibilité de la
nourriture entre les groupes. Le hareng, qui se reproduit de façon très marquée à partir de ses réserves, ne possède pas de
période sensible puisqu’il n’y a pas de différence de fécondité ni de maturation ovarienne entre les groupes. Cependant,
les individus qui n’atteignent pas un facteur de condition de Fulton (K) supérieur à 0,70 durant la saison d’alimentation
sont moins susceptibles de commencer leur maturation ovarienne. Les poissons sous ce seuil qui affichent un développe-
ment ovarien débutent plus tard et subissent un taux plus élevé d’atrésie que les poissons en meilleure condition. Afin de
maximiser leur fécondité, les femelles produisent significativement plus d’oocytes qu’elles ne peuvent rendre jusqu’à la
fraie; les oocytes sont donc subséquemment réduits par contrôle descendant. Certains poissons qui ont un K très faible au-
raient omis la fraie durant la saison suivante de reproduction. Dans leur ensemble, nos résultats montrent que ce poisson
qui se reproduit à partir de ses réserves a développé une série de stratégies reproductives afin de synchroniser la produc-
tion du plus grand nombre possible d’œufs compte tenu de l’énergie disponible.

[Traduit par la Rédaction]

Introduction

Fish fecundity is known to vary over temporal (Kjesbu et
al. 1998; Kennedy et al. 2007) and spatial (Witthames and

Greer Walker 1995; Morgan and Rideout 2008) scales. In
many cases, these variations have been linked to food avail-
ability, which affects energy reserves, both at the individual
level (Bagenal 1969; Kjesbu et al. 1991; Kennedy et al.
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2008) and at the stock level (Bagenal 1966; Kjesbu et al.
1998). Many of the studies on fish fecundity have looked
mainly at changes of fecundity between years (Kjesbu et al.
1998; Gundersen et al. 2000), but some recent studies have
shown that fecundity within a year is not constant and that
fish will reduce the number of developing oocytes by atresia
as ovary development proceeds (down-regulation) (Kurita et
al. 2003; Kennedy et al. 2007; Witthames et al. 2009). The
percentage of oocytes lost during down-regulation has been
seen to be as much as 56% in herring (Clupea harengus) be-
tween July and March (Kurita et al. 2003) and up to 50% in
plaice (Pleuronectes platessa) between September and Feb-
ruary (Kennedy et al. 2007). This down-regulation is consid-
ered to be a method by which fish regulate their fecundity to
match their available energy reserves (Kurita et al. 2003).

Within the yearly maturation cycle, there are known to be
some energy-sensitive periods in which food availability and
(or) energy reserves can affect gonad development. Burton
(1994) demonstrated that winter flounder (Pseudopleuro-
nectes americanus) that were not fed during the early part
of the feeding season (and in low condition) were likely to
be non-reproductive in the coming reproductive season. Tur-
bot (Scophthalmus maximus) that are offered lower food ra-
tions during oocyte recruitment have a lower chance of
maturing (Bromley et al. 2000). Similarly, plaice that show
a low growth brought about by low surplus production dur-
ing the summer feeding period are likely to skip spawning
(Rijnsdorp 1990). Total body weight about 3–4 months be-
fore spawning, during early vitellogenesis, has been shown
to be the best proxy for fecundity in Atlantic cod (Gadus
morhua) (Skjæraasen et al. 2006). To date, no study has ex-
amined if such a sensitive period exists for a pelagic,
plankton-feeding fish such as herring.

It is known that food levels are important in the determi-
nation of fecundity in herring. A reduced level of feeding in
a tank experiment on captive local Bergen herring resulted
in a decrease in potential fecundity and a greater intensity
of atresia, but there was no effect on relative potential fe-
cundity (oocytes per gram of body weight) or oocyte size
(Ma et al. 1998). A complementary study by González-
Vasallo (2006), using a much greater range of feeding re-
gimes, also showed that potential fecundity, but not relative
potential fecundity, was affected by food level, i.e., differ-
ences in potential fecundity were the result of differences
in the weight of the fish. Hay and Brett (1988) tested the
effect of feeding or non-feeding in the last three months be-
fore spawning on captive Pacific herring (Clupea pallasi).
This led to the fed fish having a lower weight-specific fe-
cundity than unfed fish due to a lower loss of somatic tis-
sue, but there was no difference in the length-specific
fecundity between treatments. They thus concluded that
feeding at this time had no effect on the regulation of fe-
cundity.

The three studies mentioned above are basically in line
with the surplus-energy model of Rijnsdorp (1990) stating
that relative fecundity reaches a stable plateau for fish in
good condition. However, this may not be so simple, as fe-
cundity is affected by atresia during large periods of the
ovary maturation and the intensity of atresia is not constant
through maturation; however, its effects on fecundity must
be considered to get accurate estimates of realised fecundity

(Ma et al. 1998; Thorsen et al. 2006). Also, it has been
found that in extreme situations, herring skip spawning.
Two herring in extremely low condition (Fulton’s condition
factor (K) < 0.55) were found to have 100% atresia and so
skipped spawning during a laboratory experiment
(González-Vasallo 2006). Óskarsson et al. (2002) also found
a low number of herring that skipped spawning in the field
with K of < 0.70. It has been suggested, however, that up to
one in two herring may skip their second spawning season
(Engelhard and Heino 2005). This has been inferred from
scale readings taken from herring collected on the spawning
grounds between 1935 and 1973 that showed a significantly
lower number of second-time spawners compared with third-
time spawners. The proportion skipping spawning has also
been linked to the size and condition of the herring as first-
time spawners and to climatic factors (Engelhard and Heino
2006). The reasons for the discrepancy in numbers of
skipped spawning in herring between these studies may be
due to Óskarsson et al. (2002) sampling herring from the
overwintering and spawning grounds, whereas the study by
Engelhard and Heino (2005) is based on these herring not
being present on the spawning grounds and therefore they
would not have been found by Óskarsson et al. (2002).

The Norwegian spring-spawning (NSS) herring stock is
currently the largest herring stock in the world, with a
spawning stock biomass (SSB) of approximately 12 million
tonnes in 2006, and supports a large commercial fishery (In-
ternational Council for the Exploration of the Sea (ICES)
2007). The copepod Calanus finmarchicus typically domi-
nates the diet of NSS herring, particularly during the early
phase of the annual feeding migration, but the herring also
feed on a variety of other zooplankton prey (Holst et al.
1997; Dalpadado et al. 2000; Prokopchuk and Sentyabov
2006). Zooplankton has a patchy distribution across the Nor-
wegian Sea and the distribution varies between years (Olsen
et al. 2007). The change in plankton distribution is usually
due to changes in environmental conditions. Because of the
conservative nature of herring migrations (Corten 2002),
herring have been known to migrate to areas where feeding
was good in previous years only to find an absence of zoo-
plankton (Jakobsson 1969). If herring have a period during
their ovary development that is particularly sensitive to
food or energy levels, then if such an event as described in
Jakobsson (1969) occurred, it could have a strong effect on
fecundity and maturation of herring.

Herring generally feed from about April until about Sep-
tember; between September and the end of spawning, her-
ring will live off the reserves built up during the feeding
season (Slotte 1999). Gonad growth begins in May (Kurita
et al. 2003) and most of the growth is funded from stored
reserves (Slotte 1999). True vitellogenesis begins between
June and August, with 100% of maturing fish having started
by October (Kurita et al. 2003). Down-regulation is carried
out on vitellogenic oocytes throughout the maturation cycle
but is particularly prevalent during October–November
(Kurita et al. 2003). However, atresia is absent in fish with
an average oocyte diameter of greater than 1050–1200 mm
(Óskarsson et al. 2002; Kurita et al. 2003; González-Vasallo
2006). For herring with a K greater than 0.70 or close to
spawning, the variance in fecundity is largely explained by
weight (Óskarsson et al. 2002; Kurita et al. 2003; Óskarsson
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and Taggart 2006). This is also common for other species of
fish (Koops et al. 2004).

This study examines if there is a sensitive period, during
the feeding season, when food must be in plentiful supply
for the successful maturation of gonads in NSS herring.
This was done through an experimental study in which dif-
ferent groups of herring received the same total amount of
food over the feeding season, but the rations given varied
temporally between groups. This allowed us to examine
(i) the link between individual energy reserves and fecundity
and oocyte growth and (ii) the likelihood of herring skipping
spawning.

Materials and methods

Experiment 1
NSS herring were caught on spawning grounds off the

Norwegian coast (Fig. 1) in April 2006 and transported to
the Institute of Marine Research (IMR), Matre Research Sta-
tion, Norway. The fish were then distributed randomly
among four groups and housed in four 5 m diameter circular
tanks with a water depth of 2 m. A constant flow of sea-
water at ambient salinity and temperature (8–14 8C) was
provided. The fish were acclimatised to the tanks for two
months before the start of the experiment. During this time,
the fish were fed to satiation with krill and gradually
weaned onto salmon pellets (Skretting Nutra Olympic,
3 mm). All injured and dead fish were removed daily. At
the commencement of the experiment on 15 June 2006,
there were approximately 200 fish in each tank.

Each herring group was subjected to different feeding re-
gimes (Table 1a). On each feeding occasion, the fish were
fed to satiation. Feeding ceased on 15 October, which is the
approximate end of the feeding season for NSS herring
(Slotte 1999).

The experiment ran until 5 March 2007. Thirty fish in
each group were sampled in April (upon capture), June, Au-
gust, October, and December 2006 and March 2007. Each
fish sampled was measured for length (nearest 0.5 cm),
weight (nearest 1 g), and the weight of the intestines and
the gonads (nearest 0.01 g). A gonad sample was stored in
3.7% buffered formaldehyde for estimation of fecundity.
Scales were also taken for age reading. A fat reading of the
fish was taken during the December and March sampling us-
ing a fat meter (model FM 692, www.Distell.com) (this was
calibrated by the manufacturer for herring to give a fat con-
tent of the entire fish). This was done by taking a reading
above and below the lateral line in the midpoint of the
length axis of the fish and calculating the average of the
two readings.

Experiment 2
Herring were caught close to Øygarden (approximately

50 km north of Bergen), Norway (Fig. 1), by a local fisher-
man in May 2007 and transported to IMR, Matre Research
Station, Norway. The fish were then distributed randomly
among three groups and housed in tanks of sizes similar to
the ones used in the previous year (see above). The experi-
ment ran from 11 July 2007 until 25 February 2008. The
fish were fed krill pellets from capture until the start of the
experiment and then fed Calanus pellets (produced by No-

fima, Bergen, Norway). Each group was subjected to a sep-
arate feeding regime (Table 1b). Using the results from
González-Vasallo (2006), low and high feed levels were cal-
culated to provide the herring with a maintenance, i.e., low
ration, diet and an above maintenance, i.e., high ration, diet,
respectively. The high ration was equivalent to 0.45% of
body weight per day and the low ration was equivalent to
0.11% of body weight per day. Both the high and low ra-
tions were fed to the fish four times per week. The total ra-
tion for each group was calculated by estimating the number
of fish in each group (counted using an overhead photo-
graph) and the average weight of the fish at the beginning
of the experiment. Forty fish were sampled every month
(except in November) in the same manner as in experiment
1 except that measurements with the fat meter were taken
during every sampling event.

Estimation of fecundity
Fecundity was estimated by the auto-diametric method,

using the principle that the number of oocytes per gram of
ovary is a function of the average size of the oocytes
(Thorsen and Kjesbu 2001). For ovaries containing vitello-
genic oocytes, the diameters of 200 vitellogenic oocytes
were measured using computer-aided automatic particle
analysis. For ovaries that did not contain vitellogenic oo-
cytes (i.e., contained only corticol alveoli or previtellogenic
oocytes), 50 randomly selected oocytes were measured man-
ually using a dissecting microscope and image analysis soft-
ware. A principle requirement for accurate fecundity
estimates using the auto-diametric method is that a represen-
tative sample of oocytes is measured. Atretic oocytes are
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Fig. 1. Map showing the location in Norway of the capture posi-
tions of the herring for experiments 1 and 2 (shaded circles). Inset
shows location in northern Europe.
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smaller and have a greater transparency than normal oo-
cytes, so there is greater likelihood that these would not be
measured during the analysis, leading to inaccuracies in the
measurement of average oocyte diameter. For this reason,
samples with an intensity of atresia greater than 15% were
excluded from fecundity analysis.

It was established previously that herring oocytes smaller
than 240 mm are previtellogenic, those between 250 and
375 mm are cortical alveoli, and those larger than 375 mm
are (true) vitellogenic (Ma et al. 1998; Kurita et al. 2003).
From this it was decided that fish with a leading cohort (LC)
(average diameter of the largest 10% of oocytes) greater than
250 mm were considered to have commenced maturation.

Fecundity was calculated using the equation from Óskars-
son et al. (2002) for fish with an average oocyte diameter
greater than 500 mm:

F ¼ 1:708 � 1010 � ðOW0:936Þ � OD�2:301

ðn ¼ 71; R2 ¼ 0:967Þ

where F is fecundity, OW is ovary weight (in grams), and
OD is the average oocyte diameter (in micrometres).

For fish with an average oocyte diameter between 375 mm
and 499 mm, the following equation from Kurita and Kjesbu
(2009) was used, as the equation from Óskarsson et al.
(2002) did not include fish with an oocyte diameter below
500 mm:

LogðOPDÞ ¼ ððVvto=VovaÞ � ð1=roÞ � ðð1þ kÞ3=ð8 � kÞÞÞ
þ 12:28� 3 � logðOODÞ

F ¼ OPD � OW

where Vvto/Vova is the volume fraction of vitellogenic oo-
cytes in the ovary, 1/ro (1/specific gravity of the ova) =
0.949, and (1 + k)3 / (8�k) (the correction factor due to the
oocytes being non-spherical) = 1.077.

The volume fraction of vitellogenic oocytes in the ova
was calculated using the equation

Vvto=Vova ¼ 0:0017 � OOD

This equation is from a regression line running between
375, 0.50 and 500, 0.71. The justification for this line is that

Vvto/Vova at 250 mm will be 0; extrapolation of the data in
fig. 4 of Kurita and Kjesbu (2009) gives a Vvto/Vova of 0.5
at 375 mm. The Vvto/Vova at 500 mm is stated as being 0.71
in Kurita and Kjesbu (2009).

Atresia
The intensity of atresia was assessed using the profile

counting method. Histological sections of ovaries were
screened under the microscope for a stages of atresia
(Hunter and Macewicz 1985). These sections were separated
by a minimum distance that equalled the diameter of the
leading cohort of oocytes from that ovary so that the same
oocytes were not counted twice. At least 150 oocytes were
counted, and the intensity of atresia was calculated as the
percentage of atretic oocytes of all oocytes counted (i.e., at-
retic � 100/(normal + atretic)). As atretic oocytes are
smaller than normal oocytes, counting of atretic oocytes us-
ing the profile method can lead to an underestimation of the
intensity of atresia. The intensity was corrected using the
equation below from González-Vasallo (2006), who exam-
ined the intensity of atresia in the same ovaries using the
profile and the unbiased physical disector method (Andersen
2003). This equation does not take into account the effects
of the size of atretic oocytes; however, as there is a high
correlation in the relationship, the effect of differences in
the size of the atretic oocytes is probably small.

RIA ¼ 3:0881 � A0:75 ðn ¼ 19; R2 ¼ 0:93Þ

where RIA is the relative intensity of atresia and A is the in-
tensity of atresia from profile counting.

A fish was considered to be skipping if 15% of the oocytes
present in the ovary were atretic or it had no oocytes in cort-
ical alveoli or vitellogenic stage. Fifteen percent was re-
garded as an indication that fish would go on to reabsorb the
remainder of their oocytes as below 15% appears to be the
baseline amount for the ‘‘normal’’ gradual down-regulation
of oocytes (Kurita et al. 2003).

Calculations and statistics
All statistics were carried out using Statistica 7.0 (Statsoft

Inc., Tulsa, Oklahoma). Fulton’s condition factor (K) (see
Nash et al. 2006) was calculated using the equation

Table 1. The dates when the herring were fed and the corresponding food ration given to
each group (G) in (a) experiment 1 and (b) experiment 2.

(a) Experiment 1.

15 June–14 July 15 July–14 Aug. 15 Aug.–14 Sept. 15 Sept.–14 Oct.
G1 2 7 7 7
G2 7 2 7 7
G3 7 7 2 7
G4 7 7 7 2

(b) Experiment 2.

10 July–14 Aug. 14 Aug.–18 Sept. 18 Sept.–18 Oct.
G1 High Low Low
G2 Low High Low
G3 Low Low High

Note: In (a), values for each date range represent the number of days per week.
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K ¼ TW

TL3

where TW is total weight (in grams) and TL is total length
(in centimetres). Gonadosomatic index (GSI) was calculated
using the equation

GSI ¼ GW

TW
� 100

where GW is gonad weight (in grams) and TW is total
weight (in grams).

Results

Fish length, age, and condition
In experiment 1, the fish were composed almost entirely

(98%) of the 2002 year class of NSS herring, which were
4 years old at the start of the experiment, and so the major-
ity would have been potential second-time spawners at the
end of the experiment (the remaining 2% were from the
2003 year class). The fish had an average length of 28 cm
at the start of the experiment, which increased to 30 cm by
the end. In experiment 2, the fish had an average age of
7 years (standard deviation = 2 years) at the start of the ex-
periment, with a small number of fish of ages 10+. The fish
had an average length of 33 cm at the beginning and end of
the experiment. In experiment 2, the fish were composed al-
most entirely of NSS herring; there was also a small number
of autumn-spawning herring, which were easily identifiable
as they exhibited a maturation pattern distinct from that of
the NSS herring. Autumn spawners were excluded from all
analysis. In both experiments, the fish were caught at the
spawning grounds and therefore would have spawned at
least once in their life; thus all fish in the experiments were
repeat spawners.

Fulton’s condition factor (K) was independent of length in
all months in both experiments (linear regression; p > 0.05;
the development of K can be seen in Figs. 2 and 3). In Au-
gust in experiment 1, group 4 had a significantly lower K
than the other three groups (analysis of variance, ANOVA;
p <0.01), but there were no differences between the other
three groups (ANOVA post hoc Tukey’s honestly significant
difference (HSD); p > 0.05). In October, this group had the
highest K but there were no significant differences between
any of the groups (ANOVA; p > 0.05). In December and
March, there were no significant differences in K between
any of the groups. In experiment 2, there were no significant
differences in K between any groups in any month except
for group 3, which had a significantly higher K in August
that then returned to a level similar to those of the other
groups in September. At the last sampling date, 66% and
85% of the fish in experiments 1 and 2, respectively, had K
levels below 0.70; herring with a K less than 0.7 is consid-
ered to be of low condition as atresia shows a sharp rise in
fish below this level (Óskarsson et al. 2002).

GSI, fecundity, and oocyte diameter
There were no significant differences in GSI, oocyte di-

ameter (ANOVA; p > 0.05) (Figs. 2 and 3), or fecundity
(ANCOVA, weight as covariate; p > 0.05) between groups
in any month in either experiment. In experiment 1 (four

tanks combined), LC oocyte diameter was positively corre-
lated with K in August (linear regression; n = 80, R2 =
0.28, p < 0.001) and March (linear regression; n = 60, R2 =
0.13, p = 0.002) (Fig. 4). In experiment 2 (three tanks com-
bined), there was a positive linear relationship between LC
oocyte diameter and K in September (n = 57, R2 = 0.22,
P < 0.001), October (n = 49, R2 = 0.75, P < 0.001), Novem-
ber (n = 60, R2 = 0.62, P < 0.001), January (n = 62, R2 =
0.34, P < 0.001), and February (n = 53, R2 = 0.46, P <
0.001) (Fig. 4).

There was no significant difference in the fecundity–
weight relationships in February between groups or experi-
ments (analysis of covariance, ANCOVA; n = 79, P >
0.05), so all data on fecundity was combined. A stepwise
linear regression was carried out to find the best predictor
of fecundity in February using length, weight, K, and fat
content as variables. A combination of weight and LC oo-
cyte diameter gave the best predictor of fecundity (linear re-
gression; n = 79, R2 = 0.68, P < 0.001). Fecundity decreased
from October through to March in experiment 1 (ANCOVA,
weight as covariate; n = 165, P < 0.05) (Fig. 5) and experi-
ment 2 (ANCOVA, weight as covariate; n = 108, P < 0.05)
(Fig. 6), with a decrease of 20% and 44%, respectively (cal-
culated from the average of all groups combined) between
October and the end of the experiment. The average fecund-
ity in experiment 2 showed an increase from September to
October, indicating the fish are recruiting oocytes over this
time.

The explanatory power of weight and length on fecundity
was assessed in different stages of ovary development
(measured as LC oocyte diameter) using linear regression
(Table 2). The fish from all months and both experiments
were grouped according to LC oocyte diameter. Weight was
the best predictor of fecundity over length for the majority
of the groups. The addition of K into the fecundity–length
regression explained additional variance for all the groups.
When K was added to the fecundity–weight regression, it
only explained additional variance for four of the eight
groups and three of these were mainly for the lower size of
oocyte diameters. Fat content (only available for fish in later
stages of oocyte development) did not add any additional
explanatory power.

Atresia
Ninety-one percent of the fish sampled in experiment 1 in

March had atretic oocytes (Fig. 7). The average intensity of
atresia was 9%, with 90% of the fish having an intensity of
less than 15%. Atresia was less prevalent but more intense
in the February samples of experiment 2, with atretic oo-
cytes being present in 78% of the fish with an average inten-
sity of 29% (Fig. 7). Several fish in experiment 2 had an
atretic intensity of 100% and all of these had K < 0.7.

Skipping spawning
In experiment 1, 10% of the fish were considered to be

skipping the coming spawning season, all of which were
skipping by reabsorbing their oocytes through atresia (i.e.,
had atresia greater than 15%). The premise of skipping is
based on the assumption that all of the fish had spawned in
the previous year; otherwise they would simply be classed
as ‘‘failing’’ to spawn. In experiment 2, a total of 60% of
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the fish were considered to be skipping. However, this was
composed of 24% that had not begun ovary maturation and
36% that had atresia greater than 15%.

Discussion

The focus of the present study was to subject herring to
temporally variable feeding regimes to observe (i) how this
affected fecundity and atresia and (ii) the incidence of
skipped spawning. To do this we attempted to generate dif-
ferences in condition (K) in different groups of herring at
different times. In experiment 1, only one group had a lower
K than the others at any sampling point. By the end of the
feeding period, when all of the fish had received a similar
amount of food, K was equal across all of the groups, which
was also an aim of the experiment. Unfortunately, the fish
were not sampled at all of the dates when the food ration
was changed (this was rectified in experiment 2). In experi-
ment 2, there were no significant differences in K between
groups except for in one month. The reason for the lack of
differences in K between groups may be that herring have
more efficient digestion at lower food levels. Even so, the
data for individual fish revealed interesting patterns between
energy reserves, the onset of maturation, fecundity, and
skipped spawning for herring.

There was a difference in the type of food used between
experiments. An aim of the study was for the fish in the two

experiments to differ in their amount of stored energy at the
end of the feeding period. This was believed to be mostly
influenced by the amount of food eaten and the calorific
value of the food. Thus, it was considered that having the
energy come from two different types of food would not in-
fluence the result. Support for this was given by there being
no significant difference in the weight–fecundity relation-
ship between the two experiments.

Óskarsson et al. (2002) considered that herring with K <
0.7 was in poor condition due to a sharp rise in atresia in
fish below this level of K. From the results, it appears that
this level of K represents an important energy threshold for
NSS herring as the fish in the experiment appeared to need
to reach a K of about 0.70 to begin ovary maturation. Her-
ring with a K above this value seem to have a 100% chance
of beginning ovary maturation, whereas fish with a K < 0.70
are much less likely to begin ovary maturation. As herring
only feed during the summer, they thus must achieve this
level before the feeding season is finished. The timing of
food acquisition had no effect on maturation, with condition
having the strongest influence. This suggests that there is no
critical period during the feeding season that affects the de-
cision to mature. This is also supported by the fact that
some of the herring began ovary development, even if they
were below the threshold of 0.70. However, as LC diameter
was correlated to condition, herring in poor condition started
maturation later than better conditioned fish. It was also

Fig. 2. The change in (a) weight, (b) Fulton’s condition factor (K), (c) gonadosomatic index (GSI), and (d) leading cohort (LC) oocyte
diameter with month in experiment 1: group 1, ^; group 2, &; group 3, ~; and group 4, !. Error bars = 1 standard deviation.
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seen that many of the fish did not begin ovary maturation
until after October and some of these individuals were able
to grow their oocytes quickly and ‘‘catch up’’ with the ear-
lier maturing fish. González-Vasallo (2006) also found that
herring fed on lower rations began ovary development
much later in the year than those fed on higher rations and
had a faster oocyte growth. How this higher growth will af-
fect the quality of the eggs is unknown, but as the parental
fish has low energy reserves, this might be reflected in a
lower egg size or dry mass (Ouellet et al. 2001). Many of
the low energy fish that began maturation had insufficient
energy to complete the process and thus subsequently reab-
sorbed many of their oocytes by atresia. This suggests that
the decision to begin the maturation process is influenced
by more than just energy levels, probably day length (photo-
period), in particular (Bromage et al. 2001), and there may
be communication within the shoal to synchronize ovary de-
velopment and spawning.

It has been indicated that weight many months before
spawning is important for determination of fecundity in At-
lantic cod (Skjæraasen et al. 2006) and plaice (Kennedy et
al. 2007). This does not seem to be the case for herring as
the timing of food acquisition appeared to make no differ-
ence to the final fecundity. The opposite actually appears to
be true for herring (i.e., weight close to spawning is more
important), as the predictive power of weight for fecundity

was very low at the beginning of ovary development and
improved as ovary development proceeded. Thus, the down-
regulation of fecundity seems to play a greater overall role
in the determination of realised fecundity (actual number of
eggs spawned) in herring compared with cod. Both are capi-
tal spawners, but herring is an extreme example, i.e., most
of its gonad development is funded from storage reserves
(Slotte (1999) and references therein). They also begin ovary
development between May and August (Kurita et al. 2003)
but do not cease feeding until September (Slotte 1999). To
achieve the maximum fecundity possible for their available
energy reserves, it is probably best to recruit more oocytes
than can be taken to full maturation and then decrease the
number to a level of investment that matches the total en-
ergy reserves available at the end of the feeding season.
This strategy has been documented both in wild NSS herring
(Kurita et al. 2003) and in Pacific herring (Hay and Brett
1988). This could also allow herring to take advantage of
any unexpected increases in food abundance and use this to
fund the growth of the excess oocytes. This allows them to
have a higher fecundity than would have been possible if
they had based their fecundity on energy levels at the time
of oocyte recruitment.

Fecundity was gradually down-regulated with the de-
crease in weight and became more closely related to weight
as ovary development proceeded, as can be seen by the

Fig. 3. The change in (a) weight, (b) Fulton’s condition factor (K), (c) gonadosomatic index (GSI), and (d) leading cohort (LC) oocyte
diameter with month in experiment 2: group 1, ^; group 2, &; and group 3, ~. Error bars = 1 standard deviation.
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Fig. 4. Leading cohort (LC) oocyte diameter versus condition for experiments 1 (&) and 2 (^) combined for (a) August, (b) October, (c )
December, and (d) February (experiment 1) and March (experiment 2). In (d), fish that had an atretic intensity greater than 15% are shown
for experiment 1 (+) and experiment 2 (�). The broken line parallel to the x axis indicates an oocyte diameter of 250 mm; herring with a LC
oocyte diameter above this limit have began oocyte development. The broken line parallel to the y axis indicates a K of 0.7, an important
energy threshold for herring.

Fig. 5. Average fecundity of the herring in experiment 1 (all four
groups combined) at time of sampling in each month. Error bars =
1 standard deviation.

Fig. 6. Average fecundity of the herring in experiment 2 (all three
groups combined) at time of sampling in each month. Error bars =
1 standard deviation.
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change in explanatory power of weight for fecundity. Condi-
tion explained additional variance in the fecundity–weight
relationship; this generally only occurs in the minority of
fecundity–weight relationships (Koops et al. 2004) but, logi-
cally, would depend very much on the observed range in
condition among examined individuals. The large spread in
K in our experiment may have allowed us to pick up the ef-
fect of condition, as such a large variation in condition is
generally not seen in wild populations of NSS herring in a
single year (J. Kennedy, R.D.M. Nash, A. Slotte, and O.S.
Kjesbu, unpublished data). Also, the increase in the predic-
tive power of the relationship with the addition of K oc-
curred mainly at the smaller oocyte sizes and the majority
of fecundity studies estimate fecundity close to the end of
the oocyte development, so this may be an important com-
ponent only during early oocyte development.

The degree of down-regulation was different between the
two experiments, with fish in experiment 2 showing a much
greater level of down-regulation. A decrease in fecundity
documented in the field between July 1998 and March 1999
showed a down-regulation of 56% (Kurita et al. 2003). The
extent of down-regulation is probably related to the temporal
pattern of change in K and the final K, with fish in experi-
ment 2 ending up in much poorer condition than those in ex-
periment 1. It has been seen in plaice that individual atretic
loss over a specific period is correlated with the change in
condition over the same time period (Kennedy et al. 2008),
and captive Atlantic cod deprived of food during the spawn-
ing season spawned between 20% and 80% fewer eggs, de-
pending on the nutritional status of fed individuals (Kjesbu
et al. 1991). The degree of down-regulation is also probably
related to oocyte diameters at the time of sampling as atresia
is known to occur in fish with oocyte diameters up to
1200 mm (Kurita et al. 2003), thus the down-regulation
would probably have been greater in both experiments if
the experiments had been allowed to run longer, allowing
the fish to progress further in oocyte development. This
may also explain why down-regulation in the present study
was lower than that in the study by Kurita et al. (2003) in
which fecundity was estimated for fish that had more devel-
oped ovaries than in the present study.

A previous study carried out by Ma et al. (1998) in which
herring were kept for 1.5 years and fed on a high and low
ration showed that the high-ration fish had a higher potential
fecundity and also a lower level of atresia. Although the dif-
ferences in potential fecundity between the two groups ap-
peared to be mainly due to weight differences, the low-
ration group did have a much higher level of atresia.
González-Vasallo (2006) also found that the differences in
fecundity between groups of herring fed different amounts
of food were mainly due to differences in weight. Studies
carried out on other species have also found similar results
(Yoneda and Wright 2005; Kennedy et al. 2008). The results
from our study confirm the importance of weight (provided
that the fish are in reasonable condition) as our results
showed that the period in which food is consumed is not im-
portant for the determination of fecundity but that it is
mainly determined by weight close to spawning.

There were many fish in the present study that would not
have been able to spawn at the end of the experiment and
thus would be classed as skipping spawning. This skipping
took on two forms: (ii) failure to begin ovary maturation,
which is termed a resting spawner, and (ii) the complete re-
absorption of the gonads, which is termed a re-absorbing
spawner (Rideout et al. 2005). It appeared that a minimum
K of 0.70 is required by herring to guarantee ovary matura-
tion; below this value, there was a much lower chance of
ovary maturation beginning. This skipping of reproduction
without beginning ovary maturation has been witnessed in
winter flounder (Burton 1994), turbot (Bromley et al. 2000),
and Atlantic cod in the field (J.E. Skjæraasen, R.D.M. Nash,
J. Kennedy, A. Thorsen, T. Nilsen, and O.S. Kjesbu, unpub-
lished data) and in the laboratory (Skjæraasen et al. 2009)
and is associated with low feeding and (or) low condition
before the recruitment of vitellogenic oocytes. The majority
of the fish with high atresia and all with an atretic intensity
of 100% had K < 0.70. Fish with 100% atresia have previ-

Table 2. The number of samples (n) and R2 values for the fe-
cundity–weight (W–R2) and fecundity–length (L–R2) relationships
for herring at different intervals of leading cohort oocyte dia-
meter.

Oocyte
diameter (mm) n W– R2 KW –R2 L– R2 KL– R2

350–450 67 0.32 0.71 0.63 0.64
450–550 62 0.43 0.58 0.38 0.49
550–650 39 0.58 0.63 0.28 0.56
650–750 38 0.77 0.21 0.70
750–850 23 0.73 0.45 0.70
850–950 20 0.83 0.90 0.84 0.90
950–1050 13 0.84 0.58 0.72
1050+ 14 0.79 0.70 0.81

Note: KW–R2 and KL–R2 indicates the R2 of the fecundity–weight and
fecundity–length regressions when Fulton’s condition (K) is added to the
relationship; no value indicates that the addition of K did not explain any
additional variance.

Fig. 7. Intensity of atresia versus Fulton’s condition factor (K) for
fish sampled on the last sampling date for experiments 1 (&) and 2
(^).
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ously been witnessed in the field, and they all had K of less
than 0.7 (Óskarsson et al. 2002). In summary, K of 0.7 looks
to be a very important threshold level for successful herring
maturation.

There were many fish with K > 0.70 that had atretic oo-
cytes in the experiment, even though this is not witnessed
in the field during the spawning season (Óskarsson et al.
2002; Kurita et al. 2003; J. Kennedy, personal observation).
This is probably due to the development stage of the ovaries
of the herring. According to the mentioned studies, atresia at
low intensities is very prevalent in herring caught in October
and November, when oocyte diameters are between 600 mm
and 1200 mm. This is the period when the majority of the
fecundity down-regulation takes place in the field. The fish
in the experiment were slightly delayed compared with their
natural cycle (probably due to the stress of capture), so
many of the herring in February had oocytes in this range
and thus many had atretic oocytes and much of the down-
regulation occurred later than November.

It is difficult to know if our classification of fish into
those that would skip spawning and those that would spawn
successfully was correct. We considered a level of atresia
that was above a ‘‘normal’’ intensity seen in the field (Kurita
et al. 2003) to be an indicator of skipping spawning. How-
ever, it is difficult to know if the fish that were considered
to have high atresia would actually have skipped. The com-
plete re-absorption of all the oocytes is likely to be a grad-
ual process rather than a single event of 100% atresia.
Óskarsson et al. (2002) predicted the final fecundity of fish
that exhibited atresia. They made several predictions based
on a number of assumptions: whether oocyte development
is linear or exponential and whether there is a broad or re-
stricted size range of oocytes in which atresia can occur.
From the present study and from Kurita et al. (2003), we
can see that oocyte development is linear, and from Óskars-
son et al. (2002), we can see that there is a broad range in
which atresia can occur. From these assumptions, Óskarsson
et al. (2002) found that an atretic intensity of 5% can lead to
complete re-absorption of oocytes. However, this relies on
the assumption that the atretic intensity remains constant
throughout the entire period when oocytes are in the range
where atresia can take place. This assumption is unlikely to
be true, as atretic intensities have been seen to vary over
time in individual fish (Kennedy et al. 2008).

Engelhard and Heino (2005) suggested that up to 50% of
second-time spawners skip their second spawning event. In
experiment 1, 10% of the fish were considered to be skip-
ping spawning. Almost all of the fish in experiment 1 would
have been second-time spawners at the end of the experi-
ment and thus would be comprised of the age class expected
to be the most frequent skippers by Engelhard and Heino
(2005). When the condition of these fish was compared
with that of the wild stocks in terms of the percentage of
fish with K < 0.70, i.e., the value considered to indicate that
a herring is in poor condition (Óskarsson et al. 2002), the
percentage in experiment 1 was shown to be higher than in
the wild in any year between 1980 and 2000 (Óskarsson et
al. 2002). In experiment 2, a significant proportion skipped,
but the fish in this experiment were in extremely low condi-
tion and fish in such condition are seldom found in any sig-
nificant numbers in the wild (Ndjaula 2009). The skipping

of reproduction appears to be closely linked to condition, so
our results do not support the results of the study by Engel-
hard and Heino (2006).

There are several reasons for fish to skip spawning: ad-
verse environmental conditions, e.g., temperature, pH, etc.
(which are not discussed here) during ovary maturation and
spawning time, or energetic causes, which are not mutually
exclusive from environmental causes. In relation to energetic
causes, there are two main hypotheses as to why fish may
skip: (i) to invest the energy that would have been used in
reproduction for growth to attain a bigger size and hence a
greater fecundity in later years (Holmgren 2003; Jørgensen
et al. 2006), or (ii) they have too little energy and by spawn-
ing they risk death (Trippel and Harvey 1989; Jørgensen et
al. 2006). It appeared that the skipping of reproduction in
herring was mainly due to reason ii, i.e., non-spawning her-
ring had insufficient energy reserves. It does appear that her-
ring have a very optimistic view of the future, with herring
in very low condition beginning ovary maturation even
though they do not have the energy to support it; this is
probably related to the long development time of the ova-
ries, about 8 months, and the patchy distribution and inter-
year variability in biomass of their food supply (Olsen et al.
2007).
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Óskarsson, G.J., and Taggart, C.T. 2006. Fecundity variation in
Icelandic summer-spawning herring and implications for repro-
ductive potential. ICES J. Mar. Sci. 63(3): 493–503. doi:10.
1016/j.icesjms.2005.10.002.
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