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Life-history theory suggests that animals may skip reproductive
events after initial maturation to maximize lifetime fitness. In
iteroparous teleosts, verifying past spawning history is particularly
difficult; the degree of skipped spawning at the population level
therefore remains unknown. We unequivocally show frequent
skipped spawning in Northeast Arctic cod (NEAC) in a massive field
and laboratory effort from 2006 to 2008. This was verified by
postovulatory follicles in temporarily arrested ovaries close to the
putative spawning period. At the population level, “skippers”were
estimated to be approximately equally abundant as spawning
females in 2008, constituting∼24% of the females 60–100 cm. These
females never truly started vitellogenesis and principally remained
on the feeding groundswhen spawnersmigrated southward, avoid-
ing any migration costs. The proximate cause of skipping seems to
be insufficient energy to initiate oocyte development, indicating
that skipped spawningmay partly be a density-dependent response
important in population regulation. Our data also indicate more
skipping among smaller females and potential tradeoffs between
current and future reproductive effort. We propose that skipped
spawning is an integral life-history component for NEAC, likely vary-
ing annually, and it could therefore be an underlying factor causing
some of the currently unexplained large NEAC recruitment varia-
tion. The same may hold for other teleosts.
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Population demography changes according to reproduction
and mortality. In high latitude marine ectotherms, including

teleosts, survival of the youngest age classes varies substantially,
resulting in large fluctuations in population size (1). Historic
spawning stock biomass (SSB) is used to forecast future fish re-
cruitment, although the amount of unexplained variation indi-
cates that SSB may not accurately reflect offspring production (2,
3). One factor that could significantly impact egg production is
skipped spawning—the failure of iteroparous spawners to use
each spawning opportunity after sexual maturity sensu (4). For
most teleosts this phenomenon and its impact on population
demography has received scant attention, but theoretical models
indicate that up to 30% of the mature individuals may skip
spawning and that it is an adaptive strategy optimizing lifetime
fitness (5). To date, skipped spawning has been documented in
more than 30 species (4, 6), including freshwater (7), marine (8),
and anadromous teleosts (9). It has been documented for fish with
both indeterminate and determinate fecundity and sequential
hermaphrodites (6) and in species with as diverse life histories as
the European horse mackerel Trachurus trachurus (10) and the
orange roughy Hoplostethus atlanticus (8). Given the difficulty in
conclusively establishing past spawning, reports of skipped spawn-
ing in teleosts are commonly anecdotal (4).
The major process of energy transfer and oocyte growth in

marine fish is vitellogenesis (11). At its onset energy is seques-
tered into previtellogenic oocytes, causing them to increase in
size and enter the cortical alveoli oocyte stage. Vitellogenesis
proceeds with the yolk granule oocyte stage, which lasts until

oocytes are hydrated and the eggs spawned (11). After spawning,
the gonad shrinks rapidly in size, visually appearing immature,
and contains only previtellogenic oocytes, until the next matu-
ration cycle. Fish mature at different sizes, and the presence of
only previtellogenic oocytes in “large females” cannot be used as
conclusive evidence for truly quantifying the numbers of skippers
(e.g., ref. 12). Similarly, Yaragina (13) recently consulted mac-
roscopic staging information on Northeast Arctic cod (Gadus
morhua) (NEAC) and estimated the proportion of fish of un-
certain maturity status (i.e., putative, but not certain, skippers) to
constitute up to 21% of the sexually mature fraction in the
years 1984–2006.
Unequivocal evidence of past spawning is provided by the

presence of postovulatory follicles (POFs) in female gonads (4),
but typically POFs are ephemeral and may last for only 1 d after
spawning (14). In cod, POFs persist for more than 1 y (15),
providing a unique marker of past spawning. POFs are primarily
identified through time-consuming histological examination, and
this hampers widespread use of the technique.
We aimed to elucidate the frequency and underlying mecha-

nisms of female skipped spawning in the world’s largest cod
population, presently NEAC, through the POF spawning marker,
measurements of individual energy reserves, size, and age, and
the application of state-of-the art assessment methodology. In the
following we will define females with developing oocytes as “de-
veloping,” we will use “nondeveloping” to denote all females not
developing oocytes. Nondeveloping females with POFs (10) were
termed “skippers,” and those without were termed “immatures.”

Results
The target size (i.e., fish ≥60 cm) for sampling (Table S1) was di-
rected toward females likely to be developing gonads (up-coming
“spawners”) (16), but large numbers of nondeveloping females
were also present (Fig. 1A). Relative gonad size [i.e., gonadoso-
matic index (GSI) = 100 × gonad weight × total weight−1] was
closely linked to oocyte development; 98.8% (n = 410) of the
females with GSI <1.1% were nondeveloping, whereas 97.9%
(n= 335) of those females withGSI >1.5% were developing (Fig.
1B). Discriminant analyses yielded similar results. The threshold
GSI value separating nondeveloping and developing females was
estimated to be 1.51%, 1.29%, and 1.35% for sampling season 1
(2006–2007), 2 (2007–2008), and both sampling seasons pooled,
respectively. We conclude that relative gonad size is an accurate
indicator of present developmental status of individual NEAC
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females, but it could not be used to separate between immatures
and skippers on the basis of their GSI only (Table S2).
Histological screening gave a homogenous picture of oocyte

stages within groups and showed that oocyte maturation had not
progressed beyond the previtellogenic stage in virtually all non-
developing females, whereas developing females had predomi-
nantly reached advanced vitellogenic yolk granule stage (Table 1).
The intermediate cortical alveoli stage was rare, effectively cre-
ating a bimodal distribution of oocyte stages (Table 1).
Nondeveloping fish dominated (84%) the February and March

samples of females ≥60 cm in the central Barents Sea (Fig. 1 C
and D). Only 5.2% of all females ≥60 cm observed on the NEAC
spawning grounds in 2008 had nondeveloping ovaries. Our his-
tological analyses revealed that a large portion of the non-
developing females had spawned before, although this depended
on female length (Wald χ2 = 60.61, df = 1, P < 0.0001; Tables S3
and S4), with many of the smaller fish in our length range being
immatures (Figs. 2 and 3C). In 2008, 47% [95% confidence in-
terval (CI) 40–56%] of the nondeveloping females were skippers.

In terms of biomass the corresponding value was 58% (95% CI
50–65%). In the total population we estimate that 24% (90% CI
13–34%) of the females between 60 and 100 cm skipped spawn-
ing, 25% were developing oocytes, and 51% were immatures in
2008 (Fig. 2).
Developing NEAC females had larger livers and consequently

higher liver energy reserves (19) than nondeveloping females
(F1,683 = 235.6, P < 0.0001; Fig. 3 A and B). Immatures also had
larger livers than skippers (Wald χ2 = 5.62, df = 1, P < 0.05;
Table S4) in February–March 2008.

Discussion
We unequivocally show that skipped spawning is a common oc-
currence in NEAC. Furthermore, our data also provide important
insights into the likely evolutionary and state-dependent mecha-
nisms underlying our observations.
Teleosts exhibit three different modes of skipping: (i) resting

skippers do not start oocyte development, (ii) reabsorbing skip-
pers start oocyte development but later go through mass atresia
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Fig. 1. Gonad size in relation to developmental status and spatial distribution of NEAC. (A) Relationship between relative gonad size (i.e., GSI = 100 × gonad
weight × total weight−1) and gonad development; pink, developing gonads; gray, nondeveloping gonads (n = 773). Line, GSI value of 1.1%. (B) Percentage of
developing and nondeveloping fish for GSI <1.1%, GSI 1.1–1.5%, and GSI >1.5%—both sampling seasons [i.e., (i) November 2006 to April 2007 and (ii)
November 2007 to April 2008, pooled]. (C and D) Geographic distribution of females ≥60 cm according to GSI values in February–April 2007 (C) and February–
April 2008 (D). To construct C and D, individual GSI values, along with sample location (latitude and longitude), were subjected to kriging to create a contour
map of the GSI values using the program SURFER (version 9; Golden Software). The map represents the distribution of weighted mean GSI over the area
studied. Gray areas, GSI <1.1% (i.e., females not developing gonads).
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and resorption of all vitellogenic oocytes, and (iii) retaining
skippers complete oocyte development but then retain their fully
developed eggs (4). The latter mode is hardly ever observed in
the wild (4), and mass atresia of yolk granule oocytes seems to be
rare in NEAC (19). NEAC skippers thus predominantly exhibit
a resting strategy (Table 1) very rarely advancing beyond the
early cortical alveoli stage (Table 1) (17). Spawning omission
through mass atresia has previously been noted in various cod
stocks (4, 20). Minor degrees of atresia are normally seen in
teleostean gonads, typically at the vitellogenic stage (11). Al-
though some energy undoubtedly is lost in this process, the re-
sorption of developing oocytes allows females to recover oocyte
energy if nutritional conditions become unfavorable (21).
NEAC undertake a long-distance spawning migration (∼800

km each way) (22), starting in early December (23). Like other
animal migrations (24–26), this migration incurs considerable
energetic costs (27). An aborted spawning run would cost a

female the energy associated with atresia as well as the energy
spent on the spawning migration itself. An adaptive advantage
would likely accrue by committing to oocyte maturation before
this migration starts. Indeed, nondeveloping fish dominated the
February and March catches in the central Barents Sea, after the
bulk of migrating fish had left the area (23) (Fig. 1 C and D), but
were rarely observed on the NEAC spawning grounds in 2008
(Fig. 1 C and D). Thus, any skippers will principally remain in the
Barents Sea (Fig. 1 C and D) with arrested ovaries (17) (Table
1). That nonreproducing “mature” individuals do not undertake
migrations associated with spawning has also been noted in other
teleosts (7, 8). If spawning stock abundance is measured in
spawning aggregations, and it is assumed that all fish spawn, this
has the important implication that skipped spawning may result
in an underestimation of the numbers of large individuals in
the population.
Numerically, our estimates thus indicate that skippers were

approximately equally abundant as spawners in the length range
60–100 cm in 2008, comparable with theoretically based estimates
for NEAC (5) but somewhat higher than the maximum indicated
by Yaragina (13). Hence, skipped spawning is clearly a common
occurrence in NEAC, resulting in annual reproductive produc-
tivity that is typically considerably lower than would be expected if
all mature individuals participated in spawning.
Animals commonly adjust their reproductive investment in a

way likely to enhance their lifetime reproductive success. Re-
productive investment may vary according to factors such as
territory quality and age (28–30), and similarly, the “decision” to
skip spawning is likely influenced by internal physiological state.
We found that developing females had larger energy reserves
than nondeveloping females (Fig. 3 A and B) and that immatures
also had larger energy reserves than skippers in February–March
2008 (Fig. 3C). The latter result may possibly reflect differential
energy allocation between body growth and storage in the past
year, or incomplete recovery from last year’s spawning activity.
Regardless, our results support the theory that skipping is asso-
ciated with insufficient energy reserves to initiate vitellogenesis
(31, 32). Low energy reserves during spawning increases post-
spawning mortality (33), and skipping when energy reserves get
below a critical threshold is therefore likely an adaptive strategy
(5). This latter result also suggests that skipped spawning may
function as a density-dependent response and thereby act as an
important mechanism in population regulation for this marine
teleost. It is known that high population densities can lead to
food limitation, reduced growth, and limited energy reserves (34,
35). As such it may be expected that more individuals fail to build
up sufficient energy reserves to spawn and thereby skip spawning
at large population sizes. Tentatively agreeing with this, our
study showing frequent skipped spawning occurred at a time
when the NEAC population was estimated to very be large (36).
Intriguingly, skipped spawning may thus also be an alternative or
additional underlying compensatory mechanism, in addition to
density-dependent mortality, explaining the form of stock–re-
cruitment relationships such as the Ricker curve (37).
The incidence of skipped spawning also seemed more prevalent

in smaller, younger fish (Fig. 2), perhaps reflecting higher migra-
tion cost for smaller individuals (38), lesser total energy reserves,
and thereby decreased survival after spawning. However, evo-
lutionary theory also predicts that older females are expected to
invest more in the present reproductive opportunity, given their
limited number of future reproductive opportunities (39, 40)
compared with younger females, which may increase their life-
time reproductive success by investing in growth (5). Accordingly,
spawning omission may be caused by age-dependent differential
energy allocation rather than limited energy reserves per se, and
some skippers may be expected to grow more than developing fish
in the year of missed migration and spawning. This issue could be

Table 1. Percentage of NEAC in different ovarian
developmental stages in different sampling months

Month

Potential skippers Developing

PVO E-CAO n L-CAO YGO n

Nov 73.7 26.3 19 5.4 95.0 37
Dec 81.4 18.6 43 22.2 77.8 27
Jan 100 0 6 2.8 97.2 36
Feb 91.3 8.7 287 0 100 125
Mar 96.5 3.5 86 0 100 27

Classification criterion: most advanced oocyte stage, determined by his-
tology (17) (n = 693). Potential skippers were divided into those showing
previtellogenic oocytes (PVO) and those showing early cortical alveoli
oocytes [E-CAO, LC20 <300 μm not detectable by image analyses (IA)] (18).
LC20, leading diameter, from measurement of 20 largest oocytes (18). POFs
were subsequently consulted to exclude immatures (see text). Developing
fish were divided into late cortical alveoli (L-CAO, LC20 >300 μm detectable
by IA) (18) or yolk granule oocyte (YGO) stages. Results are pooled across
sampling seasons. All samples were collected within the Barents Sea except
the January samples (caught at 70–71° N, 16–17° E).

Fig. 2. Calculated numbers of skipping (blue), immature (green), and de-
veloping (pink) females, according to total length for the NEAC population
in 2008. Values <60 cm represent extrapolation of model results. Statistical
details are listed in SI Methods.
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addressed in future studies by, for example, back-calculating in-
dividual otolith growth patterns.
Our results conclusively demonstrate that skipped spawning is

occurring frequently in NEAC. The resting mode of skipped
spawning exhibited by NEAC females may be an adaptive strategy
linked to the long-range spawning migration undertaken by this
population. The proximate cause of skipping seems to be a failure
to build up sufficient energy reserves to initiate oocyte maturation
in the autumn, and this also suggests that skipped spawning may
act as a density-dependent response to limited energy reserves
occurring more frequently at larger population sizes. The higher
frequencies of skippers among the smaller females could indicate
age- or size-dependent differential energy allocation during the
feeding season and thereby a tradeoff between current and future
reproductive success. From a fisheries management perspective,
the link between energy reserves and skipped spawning suggests
that skipping will not only heavily impact the total egg production
of NEAC but may also vary substantially annually and could
therefore be an underlying factor explaining some of the large
recruitment variation currently unexplained (41). If SSB is mea-
sured purely as a function of the number of individuals above
a certain age or size or is a function of a maturity ogive, this is
likely to result in an overestimation of the total production when
skipped spawning is prevalent. The same is likely true for other
commercially and culturally important teleosts (6). This phe-
nomenon therefore needs consideration in the construction of
realistic stock–recruitment models.

Methods
Full detailed descriptions of the collection of samples and data analyses are
provided in SI Methods.

We collected females≥60 cm (total length) in twofield seasons (2006–2007
and 2007–2008) from mid-November to late March (Fig. S1 and Table S1),
during the vitellogenic prespawning period (19, 42). We measured total
length of each fish and whole-body, gonad, and liver weight, to indicate
energy reserves (e.g., ref. 3). The otoliths were collected and used to age each
fish by breaking the otoliths along the transversal axis and reading the
number of annual increments directly under a stereo microscope. Gonad
sections were preserved for subsequent histology (n = 693) and image analysis
(n = 773) in the laboratory (further information in SI Methods). The image
analysis identified females developing oocytes (18), whereas oocyte stage
and past spawning history was determined histologically. We defined
females with developing oocytes as “developing” and used “nondeveloping”
to denote all females not developing oocytes. Nondeveloping females with
POFs (15) were termed “skippers,” and those without “immatures.”We used
quadratic discriminant analyses to link relative gonad size to developmental
status and an ANOVAmodel to examine energy reserves of fish in relation to
their developmental status (i.e., developing or nondeveloping). The likeli-
hood of a nondeveloping female being a skipper was modeled as a function
of length and relative liver size. For the latter test we used the Wald χ2 sta-
tistic to examine significance. The sufficient spatial sample coverage then
allowed us to estimate the number of skippers in the population in 2008, but
not in 2007 (further information in SI Methods).
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History of Fish Collected for Laboratory Analyses. Northeast Arctic
cod (NEAC) (Gadus morhua) were collected by trawling using
a combination of commercial fishing vessels and Institute of
Marine Research, Norway (IMR) research vessels from autumn
2006 to spring 2008 (Fig. S1 and Table S1). To target potential
spawners, we focused on cod ≥60 cm total length. Otoliths were
also collected for aging—this was done by breaking the otoliths
along the transversal axis and reading the number of annual
increments directly under a stereo microscope—and stock clas-
sification (further details in Fig. S1 and Table S1). Only cod
deemed to be NEAC according to their otolith characteristics
[i.e., otolith type 3, 4, and 5; see Stransky et al. (1)] were con-
sidered for further analyses. Theoretically, females should have
started vitellogenesis by mid-November if they are to spawn the
following spring (2). In the present context we have therefore
only included samples from November 15 onward, because fe-
males examined before this date possessing only previtellogenic
oocytes could still theoretically have started oocyte maturation
later on and continued to migration and spawning (2). Aboard
the vessels, randomly selected cod were measured for total
length (1 cm below; i.e., a 62.5-cm female will be given the length
62 cm) and whole-body, liver, and gonad weight (1 g below) and,
for ∼800 females (Table S1), a piece of the gonad was also stored
in neutral buffered formaldehyde (3.6%) for later laboratory
analyses. Further details in Fig. S1 and Table S1.

Oocyte Measurements. Oocyte development was quantified by
determining the leading cohort size (LC20; n= 20, average of the
largest 10% of the oocytes) from whole mounts of the preserved
gonad samples (n = 773), using image analysis to identify and
measure the diameter of vitellogenic oocytes (3). Females with
a leading cohort size (LC20) >300 μm, corresponding to the
advanced cortical alveoli oocyte (CAO) stage, will almost with-
out exception spawn (4, 5), whereas laboratory studies indicate
that skipping NEAC females do not continue oocyte develop-
ment beyond the early CAO stage (i.e., LC20 <300 μm) (4).

Histology. Ovarian samples were prepared for histology (n = 693)
for detection of postovulatory follicles (POFs), with the use of a
standard resin embedding protocol (Technovit 7100), producing
4-μm sections stained with 2% (wt/wt) toluidine blue and 1%
(wt/wt) sodium tetraborate after successful validation trials using
the more extensive staining protocol of periodic acid (Schiffs and
Mallory trichrome) (6). From each section the presence or absence
of POFs was noted in addition to the most advanced oocyte stage.

Data Analyses. We first wanted to establish whether gonad size
[i.e., gonadosomatic index (GSI) values] could be linked to oo-
cyte development as determined by microscopic examination.
This was first done by manually identifying a GSI value below
which >95% of the females were not developing vitellogenic
oocytes and a GSI value above which >95% of the females were
developing oocytes. We then used quadratic discriminate anal-
yses on log-transformed GSI values to test whether the criteria
were objective. This was done with both sampling seasons pooled
[i.e., (i) November 2006 to April 2007, and (ii) November 2007
to April 2008] and treated separately. To test whetherGSI values
on nondeveloping females (i) differed between skipping and im-
mature females, (ii) was influenced by fish size (length, in centi-
meters), and (iii) was influenced by time of sampling, we also used
a linear model in which GSI was the response variable, maturity

status (i.e., skipping or immature) was treated as a categorical
variable, and time of year and fish size were treated as continuous
variables. For time of year, November 15 was given the value 0 and
later dates given a number equal to days past this date; for ex-
ample, December 1 was coded as 16, and January 1 as 47. We
commenced our analyses by using a model containing all variables
and their possible interactions. The model was then simplified
sequentially be removing nonsignificant terms and using the
Bayesian information criterion (BIC) and log-likelihood ratios to
arrive at the most parsimonious model (results in Table S2).
To examine the causes of skipped spawningwe used anANOVA

analysis with relative liver size [i.e., the hepatosomatic index,
HSI = 100 × liver weight × (total weight − gonad weight)−1] as
the dependent variable, and month, season, and developmental
status as the independent variables, all categorical (results in
Table S2). All analyses described above were done with R [ver-
sion 2.10.1 (7)].

Stock Level Estimates. Barents Sea winter survey. A combined trawl-
acoustic and bottom-trawl survey for demersal fish in the Barents
Sea is conducted annually, January to March, by IMR. The ob-
jective of the survey is to obtain age-based abundance indices
of the commercially important species in the area. Two series of
indices are made based on acoustics and trawl swept area. Only
information from the bottom-trawl survey was used in the present
study. Targeted species are cod, haddock (Melanogrammus aegle-
finus), golden redfish (Sebastes marinus), beaked redfish (Sebastes
mentella), and Greenland halibut (Reinhardtius hippoglossoides).
Cod and haddock indices are used as input to the annual stock
assessment of the International Council for the Exploration of
the Sea.
The Barents Sea bottom trawl survey is a stratified survey with

stations on a regular grid within each stratum (23 strata). The data
from the 2008 survey used in the present work comprised in-
formation from 394 trawl stations covering 164,000 NM2. The
sampling trawl was a Campelen 1800 shrimp trawl with rock-
hopper groundgear, Steinshamn V-doors (7.1 m2), sweep wires
of 40 m, 80-mm mesh size in the front, and a cod-end with 22-
mm stretched mesh size. Door spread was stabilized by using a
10-m “constraining” rope 150 m from the doors (8). This tech-
nique ensured an almost constant door spread (48–50 m), in-
dependent of wire length or trawl depth.
Barents Sea winter survey estimates. Length-based abundance indices
by area were estimated in the following way. For each trawl station
and length a point observation of fish density was calculated:

ρs;i ¼
fs;i
as;i

; [S1]

where ρs;i = numbers of fish/NM2 observed at station s (length i),
fs;i = raised length frequency, and as;i = swept area, calculated as:

as;i ¼ ds × 5:91 · i0:43

1852
; [S2]

where ds = towed distance (NM), and 5:91 × i0:43 is the length-
dependent effective fishing width (9, 10).
The length-dependent effective fishing width of the trawl was

introduced in the estimation in 1995 (11). Point observations of
density at length were summed up to 5-cm length groups ρs;l,
where l denotes length group. Stratified indices of abundance by
length groups and strata:
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L̂q;l ¼ Aq

Sq
×

X
q in stratum p

ρs;l; [S3]

where L̂q;l = abundance estimate (index), stratum q, length
group l; Aq = area (NM2) of stratum q; and Sq = number of
stations in stratum q.
Total abundance, estimated abundance by stratum or length

(L̂, L̂p, L̂l) was made by summing over the appropriate indices.
The biological subsampling at each trawl station was stratified

into 5-cm length groups (one specimen per length group). In-
dividual information [i.e., length, weight, age (from otoliths), sex,
liver weight, gonad weight, and maturity stage] was collected and
used to characterize the estimated population. Each individual
subsample was given a weight:

wq;l ¼ L̂q;l

nq;l
; [S4]

where nq;l = number of biological subsamples in stratum q,
length group l.
Note that the weighting factors were inverse inclusion proba-

bilities (individual biological sample weights summed up to es-
timated population abundance). This means that traditional
biological population parameters like mean length or weight at
age could be estimated as (only weight shown):

Ŵa ¼

P
q

P
l

P
j
Wa;q;l;j × wq;lP

q

P
l

P
j
wq;l

; [S5]

where Wa;q;l;j = the weight of sample j in length group l, stratum
q, and age a.
Any estimates of variance were made using stratified bootstrap

with trawl station as the primary sampling unit and assuming
negligible within-tow variance.
Lofoten and Vesterålen survey. This trawl-acoustic survey covers
spawning grounds off Lofoten islands and in Vesterålen (south of
the Barents Sea). We used this survey to estimate whether
nondeveloping females could be found on the spawning grounds
and thereby had migrated southward with the spawning fraction
of the population. The estimation has a strong resemblance to
the trawl survey, but with L̂q;l being estimated as:

L̂q;i ¼ Êq × 5:012 × 105 ×

P
s in stratum q

ρs;i

P
∀k

 P
s in stratum q

�
ρs;k × k2

�!; [S6]

where Êq = estimated echo abundance in stratum q,
5:012× 105 × k− 2 = conversion factor from echo abundance to
numbers of cod at length k, and

L̂q;l ¼
X

i in lengthgroup l

L̂q;i: [S7]

Further details can be found in Korsbrekke (12). The proportion
of nondeveloping females (GSI <1.1%) relative to the estimated
index of females was then calculated (per length group) as:P

q

P
l

P
j
Iq;l;j ×wq;lP

q

P
l

P
j
wq;l

; [S8]

where Iq;l;j ¼ 1 if sample j in length group l and stratum q is
nondeveloping; 0 otherwise.

The trawl-acoustic survey also samples coastal cod as identified
by their otolith structure (1). The classification error can be up to
10% (13), and accordingly, samples of nondeveloping coastal
cod may have wrongly been classified as NEA cod, thus intro-
ducing a small bias in our estimate of proportion immature fish
found on the spawning grounds.
Skipped spawning-stock estimates. Gonad samples from nondevel-
oping females ≥60 cm from a subset of the trawl stations were
subjected to histological analysis to establish the occurrence of
skipped spawning. The total number of individual biological
subsamples was 3,752 in 2008; 516 of these were samples from
nondeveloping (GSI <1.1%) females ≥60 cm, and a subset of
280 of these 516 females was subjected to histological analysis.
The latter subset originated from a pragmatic approach to
sample collection, with personnel collecting samples for histo-
logical analysis only available on two of the four vessels used in
the survey. However, the spatial coverage provided by these two
vessels was adequate (Fig. S1).
The choice of modeling fish that will skip spawning (skipper)

as a proportion of nondeveloping females was necessary because
the survey only covers a fraction of the developing females, be-
cause most spawners have already left for the spawning grounds
outside the survey area at this time. The following approach was
used to produce estimates at the population level: (i) fit a “best”
model based on available candidates for explanatory variables;
(ii) predict the probability (P) of being skipping spawning for all
nondeveloping females; (iii) calculate proportions using the
weighting factor from Eq. S4; and (iv) “raise” the survey-based
length distribution to a total using a length-based maturity ogive.
The models explored used the logistic, complementary log–log

and probit link functions to transform linear expressions in the
explanatory variables to probabilities using SAS 2009 software
(14). The candidate explanatory variables were individual meas-
urements of length, weight, age (from otoliths), and liver weight.
Positional information was available at the trawl station level
(i.e., latitude, longitude, and fishing depth). We used the Wald χ2
statistic to examine significance.
Log(weight) and age were highly correlated with overall fish

length and could both be used as explanatory variables, but with
less overall model fit compared with using length. The different
size groups seem to have had different distributions within the
survey area. Larger fish were distributed further south and west,
and this showed up as small negative correlations between length
and latitude or longitude. Similarly, the Barents Sea is shallower
in the east, and fishing depth showed modest positive correlation
with length of the fish (15). Length explained more of the ob-
served variation than any of the other explanatory variables. Our
model also incorporated liver weight (as a percentage of total
weight minus gonad weight, HSI) as an explanatory variable. The
model fit is shown in Table S3, with the corresponding parameter
estimates in Table S4. The model with observations is shown in
Fig. 3C.
The fitted model predicts the probability of a random sample of

a nondeveloping female above 59 cm to be skipping spawning.
The general form of the logistic link function is:

Log
�

p
1− p

�
¼ αþ β′x; [S9]

which for our model translates into:

p̂ ¼ eαþβL × LþβHSI × HSI

1þ eαþβL × LþβHSI × HSI : [S10]

The predicted or estimated probabilities were used to calculate
proportions in an analogous way to Eq. S5; that is, proportion of
skippers by length group was calculated as:
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p̂l ¼

P
q

P
l

P
j
p̂q;l;j × wq;lP

q

P
l

P
j
wq;l

; [S11]

where p̂q;l;j = predicted probability of sample j in length group l,
stratum q to be a skipper.
The estimated proportions from ref. 8 were applied to the

length-based survey indices of nondeveloping females and are
shown in Fig. 3C. Marshall et al. (16) developed length-based
maturity ogives for female cod in the Barents Sea stock. These
ogives seem to be fairly stable, without any apparent trend after
1995. The ogives do, however, seem to contain some interannual
noise, and we therefore used an average of these ogives from the
period 1997–2005 (we did not have access to data after 2005).

Our survey-based estimate of the length distribution of the total
female part of the fish population was then:

L̂
ðTÞ
l ¼ L̂

ðIÞ
l

1− �ml
; [S12]

where L̂
ðIÞ
l = estimated survey index by length for nondeveloping

females, and �ml = average length-based maturity ogive.
This should be considered as a relatively rough estimate, and

the uncertainty increased with increasing fish length and de-
creasing denominator 1− �ml. Our analyses were therefore re-
stricted to fish length between 60 and 100 cm. The corresponding
90% confidence interval was made by considering the uncer-
tainty in the parameter estimates of (10) and the variance of the
yearly ml.
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Fig. S1. Locations of stations that yielded samples for laboratory analyses. Season 1, 2006–2007 (open symbols); season 2, 2007–2008 (filled symbols).
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Table S1. Summary of NEAC female samples, later subjected to
laboratory analyses

Vessel Time period N

M/S Varegg Nov–Dec 2006 66
M/S G O Sars Feb 2007 134
M/S Amigo Feb 2007 31
Andenes I* Feb 2007 49
M/S Prestfjord Nov 2007–Jan 2008 112
M/S Johan Hjort Feb–Mar 2008 171
M/S Jan Mayen Feb–Mar 2008 201
Andenes II* Feb 2008 45

N is the number of females sampled from the each vessel.
*Samples at Andenes (69° 20’ N, 16° 06’ E) were sourced from a variety of
commercial vessels and were subjected only to whole-mount examination,
not histology. Samples from other vessels were typically prepared for both
whole-mount and histological analysis.

Table S2. Final linear model describing GSI as a function of
female length and sampling day for nondeveloping females,
and ANOVA model describing HSI as a function of
developmental status (Dev Stat), month, and season

Variable Estimate SE t value F value P value

GSI model
Intercept 0.76 0.05160 14.731 <0.00001
Time of year −0.0016 0.00370 −2.920 0.00370
Female length 0.0041 0.00159 2.572 0.01046

HSI model
Intercept F1,683 = 3,173 <0.00001
Dev Stat F1,683 = 235.6 <0.00001
Month F4,683 = 24.9 <0.00001
Season F1,683 = 34.0 <0.00001

For model describing GSI, the intercept value depicts the expected GSI
value of a 60-cm female on November 15 (i.e., 0.76). On the same day the
expected GSI value of a 100-cm female is thus 0.92. Ninety days later (Feb-
ruary 13) the expected GSI value for the 100-cm female is 0.78 and the 60-cm
female 0.62. R2 adjusted = 0.031 for the whole model. F2,406 = 7.506.

Table S3. Model fit as indicated by the Aikaike information
criterion (AIC) and the Bayesian information criterion (BIC) for
models incorporating variables explaining the likelihood of
nondeveloping fish ≥60 cm being skipped spawners

Model AIC BIC

Intercept only 373.493 377.124
Intercept and length 261.242 268.505
Intercept, length, and liver index 257.338 268.232

Table S4. Parameter estimates with corresponding inference for
explanatory variables of skipped spawning among
nondeveloping females ≥60 cm

Parameter df Estimate SE Wald χ2 P > χ2

Intercept 1 −12.8031 1.7675 52.4674 <0.0001
Length 1 0.2006 0.0258 60.6131 <0.0001
HSI 1 −0.1796 0.0758 5.6204 0.0178
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