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Knowledge of recruitment and its variability in marine fish populations contributes to sustainable fisheries but a full understanding remains
elusive. An earlier study showed that haddock (Melanogrammus aeglefinus) stocks exhibited consistently higher variability and lower reproduc-
tive rates compared to cod (Gadus morhua) stocks in the geographic regions where they co-occurred. Thus, cod may have a higher resilience
to overexploitation, whereas haddock stocks may be more likely to be rescued by chance strong recruitments events. Since that initial study,
the ecosystems and stocks have experienced large structural and functional changes, as well as changes in management practice and ocean
warming. Here, we updated the previous earlier analysis with new data and found that despite large changes in the ecosystems explored, the
patterns of recruitment variability have persisted. Recruitment variability remains higher in haddock than in cod, and the maximum annual repro-
duction rate at low spawning stock biomass (SSB) remains higher in cod than in haddock, although the latter difference is now less pronounced.
Despite the economic and ecological importance of cod and haddock, and their long history of scientific scrutiny, the persistent difference in
their reproductive biology remains unexplained.
Keywords: over-exploitation, climate change, stock structure, reproductive traits.

Introduction

Patterns of recruitment and its variability are known to dif-
fer substantially among marine fish species depending on
their life history (e.g. Houde, 2016). Typically, environmen-
tal variations (climatic fluctuations, oceanographic condi-
tions, and food web dynamics) are important drivers of re-
cruitment variability, especially among small-bodied, semel-
parous, short-lived species, whereas intrinsic factors (physio-
logical condition, age diversity, and age/size structure of the
spawning stock) are more important for species that are long-
lived, iteroparous, and attain large body sizes (discussed in
Houde, 2016, see also Longhurst, 2002). Given the demon-
strated survival advantage that offspring from older, repeat
spawners have over first-time, smaller parents, targeted fish-
ing of larger individuals can have a negative effect on re-
cruitment beyond the effect of biomass removal (Fogarty et
al., 2001; Marshall, 2016). Also, when causing a trunca-
tion of age structure and/or a reduction in stock biomass
or body size (Trippel, 1985; Scott et al., 2006), exploitation
can increase the importance of environmental variation on
recruitment among larger-bodied species (Ottersen and Holt,
2022).

Atlantic cod (Gadus morhua) and haddock (Melanogram-
mus aeglefinus) are heavily exploited gadoids found in shelf
and coastal ecosystems in the western and eastern North At-
lantic. When comparing their recruitment variability and re-
productive rates, Fogarty et al. (2001) found consistent dif-
ferences between the two species despite many similarities in
their life-history and reproductive traits. Among the shared

reproductive traits are traits that have been used to classify fish
species according to their population dynamics, recruitment
variability, and susceptibility to overfishing (Winemiller and
Rose, 1992). These include relatively small pelagic eggs, lar-
vae, and early-stage juveniles, high egg production (Lowerre-
Barbieri et al., 2017), batch spawning (Murua and Saborido-
Rey, 2003), as well as similarities in egg size, relative fecun-
dity (number of eggs per unit female body weight), age at first
maturity, and median age at maturity (Hislop, 1984). Both
species are long-lived, which gives a broad age structure with
several reproductive age groups, which, combined with their
reproductive traits, serves to buffer against environmental per-
turbation and, up to a point, against perturbations caused by
fishing. However, most stocks of these species have been over-
exploited historically. During the early 1990s, the cod and
haddock fishery in the NW Atlantic collapsed due to over-
fishing, resulting in landings <10% of their historic maxima
(Sinclair and Murawski, 1997).

The decline of cod and haddock stocks motivated Foga-
rty et al. (2001) to study their ability to withstand and re-
cover from overexploitation. The study involved a compar-
ative analysis of sympatric cod and haddock stocks in eight
areas across the North Atlantic focusing on reproductive pa-
rameters generated from theoretical stock and recruitment re-
lationships. They found that haddock stocks exhibited con-
sistently higher variability and lower reproductive rates com-
pared to cod stocks in all the geographic regions considered.
This led the authors to conclude that cod has a stronger abil-
ity to withstand overexploitation, but that depleted haddock
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Table 1. Region, species (C=cod, H=haddock), start and end year of time series, minimum and maximum spawning stock biomass in kilotons, with
associated year in parenthesis, ratio of Maximum to Minimum SSB (SSB Max:Min), age at recruitment used in the assessment (R), for three stock the
age of recruitment was standardised to equal age at recruitment of the stock found in the same area (in paranthesis), ratio of Maximum to Minimum
recruitment (R Max:Min), and standard deviation of the log10 transformed recruitment indices (SD R).

Region Area Species Years Min SSB Max SSB SSB Max:Min R age R Max:Min SD R

Northeast Barents Sea C 1946–2018 108 (1965) 2 263 (2013) 21 3 22 0.323
H 1950–2018 49 (1985) 524 (2013) 17 3 143 0.505

Faroese C 1959–2019 15 (2007) 122 (1984) 8 1 50 0.332
H 1957–2019 10 (2011) 94 (2003) 9 1 137 0.485

Icelandic C 1955–2018 115 (1993) 726 (1955) 6 3 (2) 5 0.146
H 1979–2019 35 (1987) 154 (2004) 4 2 36 0.348

Irish Sea C 1968–2012 1 (2009) 19 (1982) 19 1 35 0.408
H 1993–2019 2 (1994) 21 (2018) 11 0 (1) 24 0.332

North Sea C 1963–2020 32 (2005) 220 (1971) 7 1 35 0.378
H 1972–2021 52 (1991) 551 (2002) 11 0 (1) 118 0.613

Northwest Eastern Georges Bank C 1978–2014 6 (2005) 60 (1981) 10 1 54 0.416
H 1969–2014 5 (1974) 126 (2014) 25 1 5 532 0.658

Eastern Scotian Shelf C 1970–2009 4 (2003) 156 (1985) 39 3 13 0.323
H 1970–2000 7 (1974) 84 (1985) 12 3 55 0.505

Western Scotian Shelf C 1983–2016 6 (2013) 104 (1991) 17 1 24 0.332
H 1985–2013 16 (2013) 49 (2004) 3 1 73 0.485

stocks have a higher probability of recovery from depletion
through large recruitment events.

Since the earlier analysis by Fogarty et al. (2001), the shelf
ecosystems in the North Atlantic and the cod and haddock
stocks inhabiting them have changed and, in some instances,
quite dramatically. These changes could alter the patterns
of recruitment variability and resilience to overfishing as re-
ported by Fogarty et al. (2001). Here, we analysed model
output from the most recent stock assessments of sympatric
cod and haddock stocks to determine whether the recruit-
ment variability and reproductive rate differences have per-
sisted since the mid-1990s, the end of the period examined by
Fogarty et al. (2001).

Changes since the mid-1990s include large-scale environ-
mental warming trends that have occurred in the shelf seas
across the North Atlantic, with accelerated warming in the
most recent decades (Bindoff et al., 2019; Garcia-Soto et al.,
2021; Gonçalves Neto et al., 2021). In the western Atlantic,
cod and haddock stocks collapsed in the early 1990s, when
fishing moratoria were introduced, but the collapses were ac-
companied by ecosystem regime shifts and trophic restructur-
ing, which may have prevented recovery of the stocks (Frank,
2005; Swain and Benoit, 2015). In the eastern Atlantic, the
fate of the stocks and the changes in the ecosystem have been
more varied. The northernmost cod and haddock stocks, re-
siding in the Barents Sea, reached record high biomass lev-
els during the past decade (Landa et al., 2014; Johannesen
et al., 2020), whereas in the same period, Irish Sea cod and
Faroese haddock declined to historic lows (ICES, 2013, 2020).
The Barents Sea stocks increased rapidly and expanded north-
wards following strong recruitment and reduced fishing pres-
sure. The demographic structure of many cod and haddock
stocks has also changed over the last two decades. For in-
stance, the condition and size-at-age of Scotian Shelf cod
and haddock have declined since the mid-1990s and have re-
mained low since then (Shackell and Frank, 2007; Shackell
et al., 2010). In the North Sea, cod and haddock size and age
at maturity have also declined (Baudron et al., 2011; Baudron
et al., 2014; Marty et al., 2014), and similar but not as dra-
matic declines in size and age at maturity have been observed
for Icelandic cod (Pardoe and Marteinsdóttir, 2009).

Weel-documented changes to the trophic structure, man-
agement regimes, and stock characteristics (spatial distribu-
tion, maturity, size, and condition at age) occurring in a warm-
ing ocean may all have impacted recruitment of both cod
and haddock, but not necessarily to the same extent for both
species nor in the same direction throughout their ranges (Fog-
arty et al., 2008; Mantzouni et al., 2010; Klein et al., 2017).
Persistent differences in recruitment patterns between cod and
haddock suggest that despite similarities in reproductive traits
and life-history, there are some trait differences between the
species that are fixed and part of the fundamental biology
of the species. We tested for consistency in differences in re-
cruitment patterns by dividing our analysis into two periods—
before and after 1993 with the former corresponding to the
period studied by Fogarty et al. (2001) and the latter associ-
ated with the many documented changes already noted.

Methods

Data

We compiled recruitment and SSB estimates for cod and had-
dock stock pairs from the geographic areas that were evalu-
ated by Fogarty et al. (2001) (Table 1). There were, however,
three exceptions. We added the western Scotian Shelf and the
Irish Sea areas to replace Brown’s Bank (part of the western
Scotian Shelf) and the west of Scotland areas. The west of Scot-
land haddock is no longer assessed as a separate stock, but
instead is now part of the larger North Sea stock assessment.
Fogarty et al. (2001) used data from the whole Georges Bank
area, but here we used the eastern Georges Bank, since this al-
lowed for a more up-to-date time series. The data we used was
model output from recent age-structured assessments of sym-
patric cod and haddock stocks conducted by the International
Exploration of the Seas (ICES), Fisheries and Oceans Canada
(DFO), and the Transboundary Resource Assessment Com-
mittee (TRAC). Uncertainty in the estimates was not available
in these assessment reports and could not be further consid-
ered. The compiled data are available as Supplementary S1,
and a map over the study region is in Supplementary S2 (Fig-
ure S1).
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ICES reports with the latest available assessments were the
source for the northeast (NE) Atlantic stocks: Barents Sea
cod (cod.27.1–2) and haddock (had.27.1–2) (ICES, 2021a),
Faroese cod (cod27.5.b.1) and haddock (had.27.5.b) (ICES,
2020), Icelandic cod (cod.27.5.a) and haddock (had.27.5.a)
(ICES, 2021b), Irish Sea cod (cod.27.7a) (ICES, 2013) and
Irish Sea haddock (had.27.7a) (ICES, 2021c), and North
Sea cod (cod.27.47d20) and haddock (had.27.46a2) (ICES,
2021d).

Regional stock and recruitment data for the northwest
(NW) Atlantic stocks of cod and haddock were obtained from
the following sources: eastern Scotian Shelf: cod Div. 4VsW
(Swain and Mohn, 2012) and haddock Div. 4VW (Mohn and
Simon, 2002), western Scotian Shelf Div. 4 × 5Y: cod (DFO,
2019) and haddock (Wang et al., 2017), and eastern Georges
Bank: cod (Wang et al., 2015) and haddock (Stone et al.,
2015).

The estimated age at recruitment varied among stocks in
the Irish Sea, the North Sea, and Iceland (Table 1). We stan-
dardized age at recruitment to be identical for cod and had-
dock for these areas (see Supplementary S1 for more details).
Icelandic cod recruitment at age 3 (R3) was back-calculated
to age 2 (R2) by assuming an instantaneous natural mortality
rate (M) = 0.2 and a fishing mortality rate (F) = 0. Age 0 (R0)
for North Sea haddock was replaced with abundance at age 1
estimates from the assessment (ICES, 2021d). Age 1 (R1) for
the Irish Sea haddock was calculated from age 0 (R0) by set-
ting M = 0.2 and using discard estimates of F for age 0 from
the assessment (ICES, 2021c).

Analysis

Recruitment variability was assessed by estimating the stan-
dard deviation (SD) of the residuals from a Ricker stock and
recruitment model fitted to the SSB and recruitment time se-
ries for each stock (Fogarty et al., 2001). The SD was based
on the difference between the observed log(R/SSB) and the
log(R/SSB) predicted from log(SSB), which is the remaining
recruitment variability after the effect of SSB on recruitment
is accounted for. The Ricker model was linearized to

log
(

R
SSB

)
= log (a) + b × log (SSB) + ∈i, (1)

where R is the number of recruits, SSB is the spawning stock
biomass in the birth year of the recruits, log(a) is the inter-
cept of the relationship, b is the slope, and ∈i is a normally
distributed error term.

Given the uncertainty of the fitting of theoretical stock and
recruitment relationships to data, we also quantified recruit-
ment variability using a more flexible approach using General-
ized Additive Models (GAMs), which served to remove trends,
potentially resulting from SSB, from the recruitment time se-
ries (log transformed) for each stock. The SD of the residuals
from the GAM approach was used as a second metric of re-
cruitment variability for each stock.

To test for synchronizing effects of the environment on cod
and haddock recruitment, we quantified the correlation be-
tween cod and haddock log transformed recruitment. A pos-
itive correlation may imply that the environment impacts re-
cruitment of sympatric stocks in the same direction.

The parameter log(a) (1) is commonly referred to as the
steepness parameter and provides an estimate of the num-
ber of recruits produced per unit SSB at low SSB levels

(Lowerre-Barbieri et al., 2017; Wiff et al., 2018). In addition,
an estimate of reproductive capacity at low SSB was calcu-
lated by taking the mean number of recruits per SSB when
SSB was <40% of the maximum SSB (see Supplementary S2,
Figure S2). We choose 40% as a cut-off since this resulted
in a reasonable number of data points for the analysis, and
we reference to these estimates as maximum annual repro-
ductive rate (MARR). These parameters are indicators of a
stock’s ability to recover from collapse/depletion and were
standardized to represent an estimate of the number of spawn-
ers produced by each spawner at low abundance (Fogarty et
al., 2001). The details on the standardization can be found
in Myers et al. 1999 and were done using the “fishmethods”
package in R. The R-scripts used here can be found at github
(https://github.com/dave-keith/haddock).

We separated the analysis into two time-intervals to facili-
tate a comparison with the results obtained by Fogarty et al.
(2001) and to assess the possibility that there were differences
in the observed patterns during the most recent period. Hence,
the updated time series was split into a “Pre-1993” (years
prior to and including 1992) and a “Recent” period (1993
to end of time series). We calculated the change in recruitment
variability and reproductive capacity at low SSB for each stock
to contrast the two periods.

Results

The time series was generally longer for the NE Atlantic stocks
compared to the NW Atlantic stocks (Table 1, Figure 1). Most
NW Atlantic stocks are no longer assessed annually, and the
eastern Scotian Shelf haddock, once sustaining a substantial
fishery, has not been assessed since 2001. The NE stocks, ex-
cept the Irish Sea cod stock, are regularly assessed. The aver-
age time series length for the cod and haddock stocks from the
NE Atlantic stocks was 59 years (range: 40–72) and 49 years
(range: 26–68), respectively. For the NW Atlantic stocks of
cod and haddock, the time series length was 36 years (range:
33–39) and 34 years (range: 28–45), respectively.

Trends in recruitment and SSB

The SSB of all cod stocks reached minimum levels after 2000,
except for the two northernmost stocks, Icelandic and Bar-
ents Sea cod (1993 and 1965, respectively, Table 1, Figure 1).
Maximum SSB was reached as early as 1955 for Icelandic
cod and prior to the Recent period for all cod stocks except
the Barents Sea cod, which peaked in 2013. The average SSB
level across cod stocks was 35% lower in the Recent period
compared to Pre-1993. The overall decline was driven by the
NW Atlantic stocks, where SSB was on average 72% lower,
compared to a 13% reduction for the NE Atlantic stocks
(Figure 1). During the Recent period, some of the NE Atlantic
stocks declined (Irish Sea, North Sea, and Faroese), and some
increased (Barents Sea and Iceland) (Figure 1), whereas in the
NW Atlantic, the cod stocks either continued to decline or
stayed at a low level during the Recent period (Figure 1). In
contrast to cod, the SSB of all haddock stocks peaked after
2000, except for the eastern Scotian Shelf haddock, which
peaked in 1985. Minimum SSB levels were observed in the
1980s for the northernmost haddock stocks (Iceland and Bar-
ents Sea), during the 1970s for the eastern Scotian Shelf and
the eastern Georges Bank haddock, and more recently for the
Faroese and western Scotian Shelf haddock (Table 1). Over-
all, SSB levels for haddock were 20% higher in the Recent
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Figure 1. SSB (thousands of tonnes) time series for eight cod (solid line) and haddock (dashed line) stocks in the Atlantic Ocean. The red line indicates
data from the Pre-1993 period, while the blue line is for the Recent period. The vertical grey line indicates the division between the two periods.

period, and this was more pronounced for the NW Atlantic
stocks (40%) than for the NE Atlantic stocks (10%). Vari-
ability in SSB, based on the ratio of the maximum to mini-
mum observed values in the time series, was lowest among
the NE Atlantic haddock stocks (range: 4.4–10.7), followed
by NE Atlantic cod stocks (range: 6.3–20.9), NW Atlantic
haddock stocks (range: 3.1–25.2), and NW cod stocks (range
: 10–39).

The average ratio of the maximum to minimum number of
recruits was higher for haddock (854) than for cod (30), al-
though the Georges Bank haddock stock is clearly an outlier
(Table 1). Removing this stock lowered the average of maxi-
mum to minimum recruitment for haddock to 84, which was
still nearly three times higher in comparison to cod. Apart
from Georges Bank, the haddock stock with the most vari-
able recruitment was the Barents Sea stock (Table 1). For cod
across all regions, the recruit numbers in the Recent period
were on average 58% lower than the Pre-1993 period, in the
NE Atlantic, the decline was 49%, while in the NW Atlantic
this decline was much greater averaging 73% (Figure 2). For
haddock across all regions, the recruit numbers were 50%
higher in the Recent period compared to the Pre-1993 period.
In the NE Atlantic, there was no difference in the average re-
cruitment numbers between the two periods, while in the NW
Atlantic, the recruit numbers averaged 110% higher in the Re-
cent period (Figure 2).

The log of recruits produced per kilogramme of spawning
stock biomass [log(R/SSB)] revealed some interesting trends
over time (Figure 3). In the Barents Sea, where the stocks have
peaked recently, the number of recruits per spawner biomass
was lower during the Recent period. A similar pattern was
evident in the North Sea, but there, cod levels were lower in
the Recent period. On the eastern Scotian Shelf, the number
of recruits per spawner was higher in the Recent period com-
pared to Pre-1993, but this result was based on only 11 years
of data. The Irish Sea haddock was an outlier, and this might
be due to the standardization of age at recruitment from R0
to R1 (see the “Discussion” section).

The correlation between the cod and haddock recruitment
time series Pre-1993 was significantly positive for the North
Sea, the Faroese, and Barents Sea, positive but not significant
for Iceland, the eastern Scotian Shelf, and the eastern Georges
Bank, and nonsignificant but negative for the western Scotian
Shelf (Figure 4). The correlation between the cod and haddock
recruitment tended to be positive also in the Recent period, but
for all regions except for the North Sea and the Faroese, the
correlation was not significant (Figure 4).

Correlations between recruitment of different stocks of the
same species were generally weak, except for between the east-
ern Georges Bank and western Scotian Shelf, where both cod
and haddock had strong positive correlations (Supplementary
S2; Table 1).
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Figure 2. Recruitment (in millions) time series for eight cod (solid line) and haddock (dashed line) stocks in the Atlantic Ocean. The red line indicates data
from the Pre-1993 period, while the blue line is for the Recent period. The vertical grey line indicates the division between the two periods.

Recruitment variability

The SD of the recruitment residuals from the Ricker model
was on average 80% higher for the haddock stocks than for
the cod stocks in the Pre-1993 period (Figure 5a, Table 2). In
the Recent period, the SD of the recruitment residuals was, on
average, 70% higher for the haddock stocks in comparison
to the cod stocks (Figure 5a, Table 2). Density plots of the
residuals from the Ricker model are shown in Supplementary
S2 as Figure S3, illustrating the larger recruitment residuals
for haddock compared to cod.

Across both species and time intervals, the Ricker models
explained on average 27% of the variance between recruits
and SSB (Table 2). When averaged across all areas, the stock
and recruitment relationship was somewhat stronger for cod
(explained variance = 31%) than haddock (23%), whereas
for each species, there was little difference between time pe-
riods, except for a few stocks. The Barents Sea cod and had-
dock stocks exhibited much stronger stock and recruitment
relationships during the Recent period. The Irish Sea cod stock
showed a strong Pre-1993 stock and recruitment relationship,
which weakened considerably during the Recent period.

Recruitment variability estimated from the GAMs, mea-
sured as the SD of the recruitment residuals, revealed that re-
cruitment was more variable for haddock compared to cod
during both periods (Figure 5b), and thus very similar to
the results based on the residuals from the Ricker model
(Figure 5a).

The autocorrelation in recruitment residuals from the
Ricker and the GAMs by stock and by period was similar
(Supplementary S2, Figures S4 and S5).

Reproductive rate at low stock size

In the Pre-1993 period, the MARR at low SSB [i.e. the stan-
dardized log(a) parameter in the Ricker model] was higher for
cod than for haddock in five of seven areas (no data from the
Irish Sea), but this was only significant for three regions (based
on non-overlapping CI from the 1:1 line for the Barents Sea,
North Sea, and eastern Scotian Shelf, Figure 6a). In the Recent
period, the MARR of the cod was higher for five out of seven
areas but was significant only for three (Barents Sea, North
Sea, and Iceland, Figure 6a). In addition, during the Recent
period, the estimated MARR for the NE Atlantic region was
higher for cod than haddock for all stocks, while the results
from the NW Atlantic were more variable, with the western
Scotian Shelf being the only area in which the haddock MARR
was significantly higher than for cod (Figure 6).

The MARR, a measure of the reproductive capacity at low
SSB, was also calculated by taking the mean number of re-
cruits per SSB when SSB was <40% of the maximum SSB
(Supplementary S2, Figure S2).

All SSB values of eastern Georges Bank and the western Sco-
tian Shelf cods were >40% of the maximum values in the Pre-
1993 period, (there were no data for haddock in the Irish Sea
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Figure 3. A time series of the number of recruits produced per kilogramme of SSB for eight cod (solid line) and haddock (dashed line) stocks in the
Atlantic Ocean. The red line indicates data from the Pre-1993 period, while the blue line is for the Recent period. The vertical grey line indicates the
division between the two periods.

in the Pre-1993 period). The estimate of the MARR produced
similar results to the Ricker model results and was higher for
cod than for haddock based on those that could be calculated
in this manner.

In the Recent period, the MARR for all the NW Atlantic
stocks was similar or higher for haddock than for cod, while
for the NE Atlantic stocks, the MARR was higher for cod
(Figure 6b).

Comparing periods

The direct comparison between the Pre-1993 and Recent peri-
ods is shown in Figure 7. Recruitment variability increased for
all stocks consistently (residuals from both Ricker and GAM),
except cod and haddock in the Barents Sea, eastern Scotian
Shelf haddock, and Icelandic cod. Overall, the reproductive
rates at low stock sizes from the Pre-1993 to Recent period
decreased for cod, whereas the change was more variable for
haddock but tended to increase (Figure 7c and d).

Harmonizing the length of the time series to 1985–2013
revealed patterns consistent with the analysis on the complete
time series (Supplementary S2, Figures S6 and S7).

Discussion

Life-history traits and recruitment variability

Despite substantial and ongoing changes in the environment
and fishing exploitation regimes, our results confirm those of

Fogarty et al. (2001): haddock stocks consistently demon-
strate higher recruitment variability in comparison to cod
stocks across the North Atlantic. While there is ample infor-
mation on the temporal coherence of recruitment of sympatric
species or stocks per se (e.g. Megrey et al., 2009), there is much
less empirical evidence comparing the magnitude of recruit-
ment variability (but see Walsh et al., 2004). A recent empiri-
cal study by Thorson et al. (2014) evaluated recruitment vari-
ability within and among taxonomic orders and found that
within-order recruitment variability tended to be higher than
among orders (Thorson et al., 2014). This result is consistent
with our findings since cod and haddock both belong to the
same family, Gadidae. Traits related to recruitment include
both fixed and variable traits that are responsive to changes
in the environment (Lowerre-Barbieri et al., 2017). The per-
sistent differences in recruitment variability between cod and
haddock stocks suggest the existence of fixed species-specific
life-history traits between the two species.

But which traits are involved in these persistent differences?
Fogarty et al. (2001) reported that cod, based on the US stocks,
had a more protracted spawning season over a broader spa-
tial extent compared to haddock, and offered this as an ex-
planation for the difference in recruitment variability, since a
longer spawning season could act as a bet-hedging strategy
to dampen recruitment variability. However, in the Barents
Sea, haddock tend to have a longer spawning season in com-
parison to cod (Bergstad et al., 1987) while exhibiting higher
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Figure 4. Correlation of the recruitment (log scale) time series between cod and haddock stocks in each region. For each stock, the Pre-1993 period is
shown on the left and the Recent period is on the right. The Irish Sea correlation is only available for the Recent period. The error bars represent the
95% CI.

recruitment variability. Therefore, the length of the spawning
season cannot explain the general pattern.

Two traits that appear to be consistently different between
the two species across areas are diet and maximum size. Adult
haddock can be characterized as benthivores, feeding on in-
vertebrates such as brittle stars and polychaetes (Tam et al.,
2016), whereas cod grows bigger and is much more pisciv-
orous, and also prone to eating its own young (Link et al.,
2009). The cannibalistic behaviour can result in density de-
pendence, which potentially stabilizes recruitment by damp-
ening the production of strong year classes before they reach
a larger (fishable) size. Fogarty et al. (2001) were able to assess
the relative strength of compensatory responses in four paired
pre-recruit cod and haddock populations and found that cod
compensation was stronger compared to haddock in three out
of four cases. Compensatory processes such as cannibalism
may reduce recruitment variability, but note that the degree of
cod cannibalism varies substantially among ecosystems (Link
et al., 2009), and the effect of cannibalism on recruitment will
be less in areas where older, large cod have recently become
rare, such as in the NW Atlantic stocks examined herein (e.g.
Shackell et al., 2010).

Could the relevant traits be found in differences between
the early-life stages of cod and haddock? The haddock
eggshell (chorion) is sticky, and this attribute has been used to
differentiate between morphologically similar early-stage eggs
of cod and haddock (S. Sundby, IMR, personal communica-

tion). This chorion characteristic binds oil droplets, enhancing
exposure to toxic compounds (Sørhus et al., 2015), but likely
has some unknown adaptive significance that may impact re-
cruitment variability, and in some circumstances, increase re-
cruitment success. Haddock larvae develop larger pectoral fins
earlier than cod, improving their manoeuvrability (Auditore
et al., 1994; Petrik et al., 2009), which might be of benefit in
foraging under some instances, but may also infer a cost.

At this stage, the traits responsible for the difference in cod
and haddock recruitment variability remain unknown. De-
spite cod and haddock having large economic, cultural, and
ecological importance and over a century of scientific scrutiny,
there are many aspects of their basic biology, including their
evolutionary history (Malmstrøm et al., 2016; Roa-Varón et
al., 2020), which remain poorly understood.

It is important to note that there are a few methodological
limitations to our study. First, we standardized age at recruit-
ment for Icelandic cod and Irish Sea haddock to make them
comparable to haddock and cod within the same area. We as-
sumed constant natural mortality of M = 0.2 for both stocks,
but the natural mortality is probably higher and more vari-
able for juveniles. The high log(R/SSB) for the Irish Sea rela-
tive to the other stocks (Figure 3) is most likely a result of the
assumed low natural mortality. However, since this standard-
ization was applied only to two stocks, we believe this does
not invalidate the overall results. Similar standardization was
undertaken by Fogarty et al. (2001), but there all the stocks
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Figure 5. The SD of the log residuals from (a) the Ricker S–R Model and (b) the GAMs.

Table 2. Summary of results of the Ricker stock recruitment model for each stock in each period and region. Results include R2, log of the maximum
annual reproductive rate (MARR), log(a), and the standard deviation (SD) of log(a).

Pre-1993 Recent
Region Species R2 MARR log(a) SD R2 MARR log(a) SD

Barents Sea C 0.05 1.67 1 0.2 0.67 1.67 0.66 0.17
H 0.002 0.11 0.1 0.4 0.32 0.85 1.1 0.32

Faroese C 0.43 0.83 −0.04 0.27 0.19 0.23 −0.57 0.32
H 0.31 1.43 1.73 0.67 0.26 −0.23 0.13 0.37

Iceland C 0.62 1.47 0.57 0.11 0.71 1.39 0.49 0.12
H 0.15 0.3 0.64 0.75 0.07 0.05 −0.57 0.32

Irish Sea C 0.48 NA 0.51 0.3 0.13 NA 0.59 0.47
H NA NA NA NA 0.25 NA 4.57 0.22

North Sea C 0.26 2.54 2.75 0.28 0.14 1.92 2.26 0.45
H 0.13 0.15 3.41 0.5 0.34 0.25 3.16 0.47

Eastern Georges Bank C 0.16 0.53 −0.46 0.78 0.09 −0.57 −1.29 0.41
H 0.2 0.01 0 0.57 0.08 −0.55 −0.36 0.66

Eastern Scotian Shelf C 0.29 1.47 0.96 0.36 0.49 −0.38 1.89 0.28
H 0.37 0.05 0.7 0.35 0.05 −1.03 0.57 0.91

Western Scotian Shelf C 0.12 −0.31 −0.17 0.91 0.12 −1.26 −0.96 0.23
H 0.38 0.14 0.63 0.8 0.56 1.78 2.61 0.61

were set to the same age at recruitment (R1). Second, we use
stock assessment output as input data in our analyses. Brooks
and Deroba (2015) make the important point that the output
from stock assessment models is estimated with associated un-
certainties that need to be taken into account. However, most
stock assessment reports do not provide such information, in-
cluding the time series we examined here.

Covariation in recruitment variability

We found that the correlations between recruitment series for
sympatric cod and haddock stocks were mainly nonsignifi-
cant but positive, implying that within the same ecosystem,
the environmental conditions had similarly weak effects on
both species. Covariation in recruitment among species has
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mean (there was insufficient data in the Recent period for western Scotian Shelf haddock to calculate the SD).

been reported in the marine environment, but the effect of
environmental drivers on recruitment is rarely stationary (Hi-
dalgo et al., 2012; Brosset et al., 2020). For instance, in the
Barents Sea, strong year classes of several species appear in
warm years (Dingsør et al., 2007; Landa et al., 2014). How-
ever, during the recent anomalous warm years, the effect of
temperature on cod and haddock recruitment has become less
important and the correlation between cod and haddock re-
cruitment has weakened in the Barents Sea (Bogstad et al.,
2013).

Reproductive output at low stock size

Fogarty et al. (2001) found that reproductive output at low
stock size, assessed from the Ricker model was consistently
and significantly higher for cod in all but one region (the
Browns Bank). While the present study found that the MARR
was higher in cod, the differences were typically not signifi-
cant. The differences also appear to be less pronounced in the
Recent period, since overall cod recruitment at low stock sizes
has declined, whereas the change in haddock remained vari-
able.

The decline in cod maximum reproductive rate since the
Pre-1993 period could be explained by the warming trend
in the Recent period. Fogarty et al. (2008) predicted that
cod’s maximum reproductive rate and recruitment would de-

cline with warming at the southernmost distribution range. A
study comparing the impact of temperature on the maximum
reproductive rate across all cod stocks found that temperature
reduced reproductive potential when temperatures were >5◦C
(Mantzouni et al., 2010). Haddock has been found to perform
physiologically better than cod in warmer conditions (Norin
et al., 2019), but compared to cod, there are fewer studies on
the impact of warming on haddock (Klein et al., 2017). The
only comparison of the effect of temperature on the MARR
of cod and haddock is an unpublished study (Mantzouni and
MacKenzie, 2009), which revealed an overall positive temper-
ature effect on haddock and a dome-shaped relationship for
cod.

Conclusion

Fogarty et al. (2001) evaluated recruitment variability and re-
cruitment at low stock size for co-occurring cod and haddock.
We have shown that the two species have demonstrated a per-
sistent difference in recruitment variability during the past sev-
eral decades despite the noted changes in both environmental
conditions: stock size and composition. We have also demon-
strated that for most of the stocks, with the notable excep-
tion of the Barents Sea cod and haddock, overall recruitment
variability has increased in the Recent period, compared to
the Pre-1993 period, which was also treated in Fogarty et
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Figure 7. The change in the SD of the residuals between the Recent and Pre-1993 periods for the (a) Ricker S–R Model and (b) GAMs. The change in the
alpha estimates between the Recent and Pre-1993 periods for the (c) Ricker S–R Model and (d) alpha at 40% of maximum SSB Positive values indicate
the estimate in the Recent period was larger than Pre-1993 period.

al. (2001). In the Recent period, most cod SSBs were lower
(Table 1 of this study), and for many stocks of both species,
the age diversity and size of the spawners have declined
(Shackell et al., 2010). Hence, some of the buffering capac-
ity against recruitment variability caused by traits related to
body size of spawners and age diversity in the spawning stock
(longer spawning season, more batches, larger, and more eggs)
seems to have been reduced or lost. In the Barents Sea, the
recruitment variability as well as the impact of the environ-
ment on recruitment have declined as both stocks have in-
creased in size (this study; Bogstad et al., 2013). As the age
diversity in the stocks increased due to increased longevity
as fishing pressure was reduced (Kjesbu et al., 2014; Ot-
tersen and Holt, 2022), the stocks exhibited a higher buffer-

ing capacity against environmental variation. Thus, our results
underline and reiterate many previous studies on the danger
of overfishing.
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