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Productivity dynamics of Atlantic cod
Cóilín Minto, Joanna Mills Flemming, Gregory Lee Britten, and Boris Worm

Abstract: Productivity is a central determinant of population dynamics with consequences for population viability, resilience to
exploitation, and extinction. In fish, the strength of a cohort is typically established during early life stages. Traditional
approaches to measuring productivity do not allow for interannual variation in the maximum reproductive rate, a parameter
governing population productivity. Allowing such process variation provides the ability to track dynamic changes instead of
assuming a static productivity regime. Here we develop and evaluate a multivariate stock–recruitment state-space model to
simultaneously estimate time-varying stock productivity and synchronicity of dynamics across populations. We apply the
method to North Atlantic cod (Gadus morhua) populations, showing that the productivity of early life stages has varied markedly
over time, with many populations at historically low productivity. Trends in productivity were similar in some adjacent
populations but less regionally coherent than previously thought, particularly in the Northwest Atlantic. Latitudinal variation in
the Northeast Atlantic suggests a differential response to environmental change. We conclude that time-varying productivity
provides a useful framework that integrates across many dimensions of environmental change affecting early life history
dynamics.

Résumé : La productivité est un déterminant central de la dynamique des populations, qui a des répercussions sur la viabilité de
la population, la résilience à l’exploitation et la disparition. Chez les poissons, la force d’une cohorte s’établit typiquement
durant les premiers stades du cycle de vie. Les approches traditionnelles de mesure de la productivité ne permettent pas de
variations interannuelles du taux de reproduction maximum, un paramètre qui régit la productivité de la population. En
permettant de telles variations, il devient possible de suivre les changements dynamiques plutôt que de présumer que le régime
de productivité est statique. Nous avons mis au point un modèle d’espace d’états de la relation stock–recrutement afin d’estimer
simultanément la productivité variable dans le temps des stocks et le synchronisme de la dynamique de différentes populations.
Nous avons appliqué cette méthode aux populations de morues de l’Atlantique Nord et démontré une variabilité marquée de la
productivité des premiers stades du cycle de vie dans le temps, la productivité de nombreuses populations en étant actuellement
à un creux historique. Les tendances en matière de productivité étaient semblables pour certaines populations voisines, mais
moins cohérentes que prévu à l’échelle régionale, particulièrement en ce qui concerne le nord-ouest de l’Atlantique. Les
variations latitudinales dans le nord-est de l’océan Atlantique semblent indiquer des variations dans l’espace en ce qui concerne
les réactions aux perturbations environnementales. Nous concluons que la productivité variable dans le temps constitue un
cadre utile qui fournit une représentation intégrée sur plusieurs dimensions des modifications du milieu qui ont une incidence
sur la dynamique des premiers stades du cycle de vie. [Traduit par la Rédaction]

Introduction
During their early life history, fish are most vulnerable to com-

petition, predation, hydrography, temperature, and a host of
other environmental factors that result in extraordinarily high
levels of natural mortality (Harding and Talbot 1973; Cushing
1975). The varying ability to survive and grow through the early
stages ultimately determines how many fish will recruit to the
adult population and enter a fishery. Understanding the dynamics
of this period is therefore critical to understanding fish popula-
tion dynamics and the management of fisheries resources (Allen
1963; Cushing 1975; Mace and Sissenwine 1993). Despite a century
of fruitful investigation, however, much uncertainty remains in
our understanding of stock replenishment (Myers 1998, 2001;
Houde 2008).

Hypothesized processes affecting the strength of a recruiting
year-class or cohort are manifold, including spawner abundance
and composition (Trippel et al. 1997; Marshall et al. 2006; Green
2008), density-dependent and density-independent mortality via

predation, competition, the physical environment, and the many
interactions therein (Houde 2008; Green 2008). While investi-
gations of particular agents or indicators of mortality (e.g.,
temperature anomalies, North Atlantic Oscillation, abundance
of predators and competitors) can yield useful insights (Worm
and Myers 2003; Brander and Mohn 2004; Minto and Worm 2012),
other candidate hypotheses are often excluded. For example,
while the focus on relating the strength of recruitment to the
physical environment (Planque and Frédou 1999; Brander and
Mohn 2004; Mantzouni et al. 2010; Mantzouni and MacKenzie
2010) is of intrinsic importance, such investigations often exclude
other factors such as maternal effects (Trippel et al. 1997; Marshall
et al. 2006; Lambert 2008), predation or competition (Minto and
Worm 2012), resource availability and phenology (Kristiansen
et al. 2011). In an extreme case, there can exist more candidate
hypotheses than yearly abundance observations from constituent
populations, for example, explaining at-sea survival of Atlantic
salmon (Salmo salar) (Cairns 2001).
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Rather than pose a specific hypothesis as a proximate agent of
prerecruit productivity, we focus on the question of whether pre-
recruit productivity of Atlantic cod (Gadus morhua) has changed
over time and, where observed, whether such changes are con-
served across populations. This simple question has received re-
markably little attention, with some notable exceptions (Zeng
et al. 1998; Peterman et al. 2003; Dorner et al. 2008).

Previous investigations on the covariance of recruitment across
populations serve as a basis for the investigation. By accounting
for the effect of spawner abundance on recruitment and detrend-
ing the resultant residuals, Myers et al. (1995b) discovered that the
spatial scale (measured as mean e-folding distance of pairwise
correlations) of cod recruitment is approximately 500 km, a result
confirmed in a similar pan-species investigation by Myers et al.
(1997). Rothschild (2007) concluded that recruitment of cod cova-
ried across 11 populations in the Northwest Atlantic. It is unclear,
however, the degree to which this covariance reflects changes in
the adult spawner biomass (Cardinale and Hjelm 2006) and thus
common trends in fishing mortality, inferred common environ-
mental forcing, or both. Kelly et al. (2009) showed that the syn-
chrony of recruitment of cod stocks in the Northwest Atlantic has
declined over time. While of importance to indicating the degree
to which a response is common among populations, correlative
studies are somewhat removed from population dynamics and
therefore difficult to incorporate into management advice.

Peterman et al. (2003) and Dorner et al. (2008) presented founda-
tional univariate (single population) state-space methods to extract
filtered and smoothed time-series trends in productivity for multiple
species and populations of Pacific salmonids. A population dynamics
model was specified in which parameters were allowed to vary over
time according to stochastic processes. Importantly, allowing the
parameters to vary over time permits the separation of process vari-
ation in the parameters from measurement error in survival.
Peterman et al. (2003) thus found that the productivity of sockeye
salmon (Oncorhynchus nerka) had changed markedly over time, with
interpopulation changes shown to be more tightly conserved when
using a time-varying population dynamics model than that obtained
with a correlative approach. Of considerable applied importance is
that by choosing to formulate a time-varying population dynamics
model, the effect on resource management could be explored thor-
oughly (Collie et al. 2012).

Peterman et al. (2003) and Dorner et al. (2008) estimated the
correlation between population-specific (univariate) time-varying
trends in productivity after fitting the state-space model via cor-
relation of the smoothed states. Here we extend this method to a
multivariate time-varying population dynamics model that simul-
taneously estimates trends in productivity and the covariance
therein across populations. We apply the method to 11 Northeast
and 10 Northwest Atlantic cod populations to (i) test whether the
population dynamics have changed over time; (ii) determine the
spatial coherence of productivity; and (iii) interpret the scale of
population dynamics changes where they exist. The applied im-
petus lies in the need for scientific understanding and manage-
ment reflecting present productivity conditions while making
optimal use of available datasets. Our method partly addresses
this requirement through the application of a novel statistical
approach to recruitment studies: multivariate state-space model-
ling.

Materials and methods

State-space formulation
Peterman et al. (2003) provide single-population (univariate)

methods for estimating time-varying productivity in stock–
recruitment models. Here we extend the approach to multiple
populations using a multivariate state-space model.

The traditional time-invariant parameter Ricker stock–recruitment
model is written

(1) Rj,t � �jSj,t��j
e��jSj,t��j��j,t

where Rj,t is the recruitment of population j = {1,…, J} in year t =
{tj,0, tj,0 + 1,…, Tj} (start year tj,0 and end year Tj are stock-specific) at
age �j; St��j

is the spawning population biomass giving rise to the
year-class; and �j, when suitably scaled, is the maximum repro-
ductive rate (see Data standardization below), which is the main
focus of our analyses. For subsequent interpretation it is impor-
tant to note that in the derivation of the Ricker model, �j is the
product of fecundity and density-independent mortality inte-
grated over the time from spawning to recruitment (Ricker 1954),
�j is the density-dependent parameter, and e�j,t are log-normally
distributed errors (�j,t�N�0,	�j

2 �). The model can be linearized by
dividing by spawner abundance and taking the natural logarithm

(2) ln� Rj,t

Sj,t��j

� � aj � �jSj,t��j
� �j,t

where aj = ln(�j). The ratio of recruits to spawners is termed sur-
vival, and we term the natural logarithm of this ratio “log sur-
vival”. The model is formulated as a time-varying regression by
allowing a time dynamic on the intercept, aj, and slope, �j:

(3) yj,t � aj,t � �j,tSj,t��j
� �j,t

where yj,t � ln� Rj,t

Sj,t��j

�. Various stochastic processes can be used to

describe the time dynamic of aj,t and bj,t, including the ARMA class
(e.g., AR(1), MA(1), and ARMA(1,1)). Preliminary univariate (single-
population) implementations indicated (via AIC) that the random-
walk model with time-varying aj,t and constant �j fit best (Minto
2011), similar to Peterman et al. (2003). We focus here on a
random-walk structure for both the logarithm of the maximum
reproductive rate and density dependence; e.g., for the logarithm
of the maximum reproductive rate

(4) aj,t � aj,t�1 � 
j,t

where 
j,t�N�0,	
j

2 � are termed “process errors”.
For multiple populations, it is easiest to describe the model in

matrix form. The measurement and process equations are written

(5) Yt � FtXt � �t, �t � N(0, R)

(6) Xt � DXt�1 � �t, �t � N(0, Q)

where Yt is a column vector of log survival (response) in each
population for year-class t, Ft is a (p × 2p) block matrix (where p is
the number of stocks) with the identity as the left block and St−�

on the diagonal of the right block, and Xt is the state matrix with
the stock-specific state vectors as its columns

(7) Xt � (a1,t a2,t … ap,t �1 �2 … �p )′

�t is a column vector of measurement errors assumed to be inde-
pendently and normally distributed with a diagonal covariance
matrix R. Note that while �t are termed measurement errors, they
may also contain a component of high-frequency true process
error not captured in at. D is an identity transition matrix of
dimension (2p × 2p), which specifies the random walk on the
parameters. In a species interactions context, Ives et al. (2003)
interpreted an autocorrelated version of the transition matrix
with nonzero off-diagonals as a community matrix representing
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linear relationships between the p species. We include zeroes in
the off-diagonals as the populations are purportedly separated in
space. �t is a column vector of process errors with a multivariate
normal distribution with covariance matrix Q. Q describes the
covariance of the underlying processes across populations. The
structure of Q determines which parameters are time-variant or
time-invariant and whether covariance of the time-varying trends
is included. The general structure we implement is

(8) Q � �Q a 0p,p

0p,p Q b
�

with the upper-left block (Qa) and lower-right block (Qb) corre-
sponding to the covariance matrix of the time-varying maximum
reproductive rates and density dependence, respectively. We in-
vestigated five models per region: time-invariant, with all parame-
ters held constant; time-varying productivity; time-varying density
dependence; time-varying productivity and density dependence; and
time-covarying productivity (Table 1).

The goodness-of-fit of each model was judged by AIC, including
both the number of variance parameters and the number of dif-
fuse states initialized in the calculation of the total number of
parameters (Durbin and Koopman 2001). Note that only the time-
varying maximum reproductive rate was allowed to covary (Table 1),
because the fit with time-varying maximum reproductive rate and
density dependence was worse than that with time-varying max-
imum reproductive rate alone (see Results).

For the time-covarying model, where populations are behaving
similarly, positive off-diagonals would be expected in Qa. Con-
versely, where they behave differentially, negative off-diagonals
would be expected. Ecologically, the Qa matrix governs the yearly
magnitude and time scale of the interannual fluctuations in pro-
ductivity. An “unstructured” correlation structure, where the cor-
relations between each pair of populations is free, was chosen
here. Although this requires p(p + 1)/2 parameters to parameterize
Qa, it makes the fewest a priori assumptions on the relationships
between the populations. In total, allowing for separate measure-
ment error variances per population and an unstructured covari-
ance matrix for the time-varying intercepts requires [p(p + 1)/2 + p]
variance parameters to be estimated. We analysed the Northeast
Atlantic (11 populations; 77 variance parameters) and Northwest
Atlantic (10 populations; 65 variance parameters) separately.

Following estimation (see estimation section below), the cova-
riance matrix Qa can be converted into the equivalent correlation
matrix Qa for ease of interpretation via

(9) Qa � Da
�1Q aDa

�1

where Da is a diagonal matrix with diag�Da� � �diag�Q a�. Follow-
ing estimation, we preliminarily investigate the relationships be-
tween the off-diagonal unstructured correlations and geographic
distance from the centroid of each stock using an additive model
(a generalized additive model with normal errors) weighted by the
number of overlapping observations per stock pair.

Filtering, smoothing, and estimation
For a given set of parameters, the Kalman filter predicts the

states in the next time period, which are updated via the observa-
tions. The difference between the observations and predicted
states is known as the innovation, which together with the inno-
vation variance matrix (available analytically) form the compo-
nents of the likelihood, the negative log of which is minimized
over all observations to provide the maximum likelihood esti-
mates of the parameter set. Once estimated, the parameters can
be used to extract filtered states, which consider observations up
to time t when predicting time t + 1, and smoothed states, which
consider all observations before and after time t when predicting
for time t + 1. We specify diffuse initial conditions for the multi-
variate Kalman filter. A full description of the Kalman filter can be
found in Harvey (1991) and Petris et al. (2009).

In a multivariate setting, the start and end points of the assess-
ment differ by population, with some stretching back close to a
century, while others begin within the last 30 years. This results in
ragged start and end points for the analyses. State-space models
are uniquely capable of dealing with missing values by interpolat-
ing over the missing values using the transition equation only
(eq. 6) during these periods (Durbin and Koopman 2001; Clark
2007; Petris et al. 2009). In the multivariate case, this provides an
opportunity to estimate historical trends in productivity for a
given population during a time period for which no data exist. The
method relies on hindcasting using the optimized covariance ma-
trix of the process, which is estimated in the period of overlap.
The Kalman filtering and smoothing recursions and the corre-
sponding likelihood were implemented in the R statistical envi-
ronment and optimized using BFGS optimization in “optim”
(R Development Core Team 2012).

For comparative purposes, we reran analyses similar to that of
Myers et al. (1995b), which included obtaining population-specific
residuals from a time-invariant Ricker stock–recruitment model,
subsequent investigation of short- and long-term trends, and

Table 1. Process covariance matrix structures investigated.

Model name Q structure

Time-invariant Q a � 0p,p

Q b � 0p,p

Time-varying productivity Q a � diag�	a,1
2 ,Ê,	a,p

2 �
Q b � 0p,p

Time-varying density dependence Q a � 0p,p

Q b � diag�	�,1
2 ,Ê,	�,p

2 �
Time-varying productivity and density dependence Q a � diag�	a,1

2 ,Ê,	a,p
2 �

Q b � diag�	�,1
2 ,Ê,	�,p

2 �

Time-covarying productivity

Q a ��
	a,1

2 	a1,a2 Ê 	a1,ap

	a2,a1 	a,2
2 Ê 	a2,ap

É É Ì É
	ap,a1

	ap,a2 Ê 	a,p
2
	

Q b � 0p,p

Note: A p × p matrix of zeros is denoted 0p,p; “diag” denotes a diagonal matrix with zeros in the off-diagonals
(i.e., time-varying with zero covariance); covariance of the maximum reproductive rate of stock i with stock j
is denoted 	ai,aj

.
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correlations of the residuals. The results of this analysis are
presented in the Supplementary Material1.

Model diagnostics
To check the assumptions of the model fit, we investigated the

residuals of the best-fitting model as judged by AIC. The residuals
of a state-space model are the innovations (Petris et al. 2009) or
one step ahead forecast errors that are assumed to be indepen-
dently and normally distributed here. We visually inspected the
assumption of normality using quantile–quantile plots and tested
the assumption using Shapiro–Wilks normality tests on a stock-
by-stock basis. We visualized the assumption of independence by
using the autocorrelation function and tested it using a Ljung-Box
independence test at lag 1, again on a stock-by-stock basis. Note
that the model assumes multivariate normality, whereas we as-
sessed only marginal normality.

Data
Estimates of cod spawning population biomass and recruit-

ment (21 regions) were extracted from a newly developed quality-
controlled global fish stock assessment database (Ricard et al.
2012). Older assessment results, either from the original Myers
stock–recruitment database (Myers et al. 1995a) or the literature,
were spliced together with more recent assessments to create the
longest possible time series (some dating to the beginning of the
20th century). Assessment methodologies were typically sequen-
tial population analyses (e.g., VPA, ADAPT) except for the west
coast of Scotland cod, which was assessed using a state-space
model (Fryer et al. 1998). Further details of the assessments used
can be found in Minto and Worm (2012). Recent assessments were
not available for some regions in the Northwest Atlantic (e.g.,
Northern cod (NAFO subareas 2J3KL), Southern Grand Banks
(NAFO subareas 3NO), Southern Newfoundland (NAFO 3Ps). For
these, we used older assessments from the collection of Shelton
et al. (2006). A summary of the datasets is provided in Table 2.

Data standardization
Differences in growth rates and gear selectivity result in the age

at recruitment varying by region. Myers et al. (1996) developed a
method of comparing the relationships across regions by multi-

plying the recruits (in numbers) by the predicted spawner bio-
mass per recruit, assuming zero fishing mortality (SPRF=0) (Mace
and Sissenwine 1993). This allows for the estimates of the maxi-
mum reproductive rate to be compared across populations (Myers
et al. 1999). Details and a discussion of the standardization are
provided in Minto and Worm (2012).

Results

Trends in survival
Exploratory plots of cod log survival (after removing the effect

of spawner abundance; see Supplementary Material1) provide
an overview of the data (Fig. 1). Some populations have marked
patterns in the residuals, particularly the Northwest Atlantic popu-
lations (e.g., Flemish Cap, Southern Grand Banks, and Labrador –
Northern Newfoundland populations). Population pairs such as
the Celtic Sea and Irish Sea and Gulf of Maine and Georges Bank
share strongly covarying patterns in the residuals, whereas other
adjacent populations have contrasting residual patterns (e.g.,
Southwestern Scotian Shelf and Eastern Scotian Shelf (recent pe-
riod), and Flemish Cap and Southern Grand Banks). Further explo-
ration of the patterns in the residuals are provided in the
Supplementary Material1.

State-space model results

Model selection and diagnostics
Of the four noncovarying models investigated per region, the

model with time-varying maximum reproductive rate alone fit
best (Table 3). Adding in time-varying density dependence in ad-
dition to time-varying maximum reproductive rate resulted in a
higher likelihood for the Northeast Atlantic fit, but not enough to
offset the effect of the increased number of parameters on the AIC
values. As such, there is little evidence to support time-varying
density dependence for these populations (Table 3). We thus chose
to only investigate the covariance implementation of the time-
varying maximum reproductive rate model.

Violation of the assumption of normality of the innovations
occurred in 10 of 21 stocks (Supplementary Figs. S3 and S41). The
violations were typically caused by a small number of outlying

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2013-0161.

Table 2. Summary of each population included in the analyses.

Area name NAFO–ICES division ID Lat. (°N) Long. (°W) � Year-classes

Labrador–Northeast Newfoundland 2J3KL LABNNEW 50.00 −52.00 3 1962–1998
Flemish Cap 3M FLEM 47.00 −45.00 1 1972–2010
Southern Grand Banks 3NO SGRAND 44.50 −51.50 3 1959–2004
Northern Gulf of St. Lawrence 3Pn4RS NGOSL 49.00 −60.00 3 1974–2006
St. Pierre Bank 3Ps SNEW 46.00 −55.50 3 1959–2002
Southern Gulf of St. Lawrence 4TVn SGOSL 47.50 −63.50 3 1950–2006
Eastern Scotian Shelf 4VsW ESS 44.00 −59.00 1 1958–2009
Southwest Scotian Shelf 4X SWSS 43.00 −65.50 1 1948–2007
Gulf of Maine 5Y GOM 43.50 −68.50 1 1982–2006
Georges Bank 5Z GB 41.00 −67.00 1 1978–2006
Western Baltic BA2224 WBAL 55.00 13.50 1 1970–2007
Central Baltic BA2532 CBAL 56.00 19.00 2 1966–2006
Celtic Sea VIIe–f CS 51.00 −5.00 1 1971–2006
Faroe Plateau Vb FAPL 62.00 −8.00 2 1961–2004
Iceland Va/XIVb ICE 63.00 −21.00 3 1928–2007
Irish Sea VIIa IS 54.00 −5.00 0 1968–2007
Kattegat IIIa (south) KAT 57.00 12.00 1 1971–2007
Northeast Arctic I, II NEAR 68.00 15.00 3 1910–2005
North Sea IVa–c NS 55.00 4.00 1 1963–2007
West of Scotland VIa WSCOT 58.50 −6.00 1 1978–2008
Norwegian Coastal Iia NORCOAST 65.64 9.97 2 1984–2006

Note: Latitude and longitude refer to the centroid of the stock; � is the age at recruitment; year-classes refer to the time span of cohorts available.
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points, termed innovation outliers (Harvey 1991). We discuss the
implications of the violations of normality below.

The assumption of independence of the innovations for a given
stock was largely upheld, although the Southwestern Scotian
Shelf and Irish Sea regions displayed mild but significant negative
autocorrelation at lag 1 (Supplementary Figs. S5 and S61).

Trends in productivity
Many stocks display lower productivity today, compared with

historical means. In the Northwest Atlantic (Fig. 2), the southern
populations of Georges Bank, the Gulf of Maine, and the South-

western Scotian Shelf are currently close to a historic minimum
(based on hindcasts for Georges Bank and the Gulf of Maine).
While these hindcasts quickly become uncertain, this suggests
that for those stocks the maximum reproductive rate has declined
considerably.

The Eastern Scotian Shelf and Southern and Northern Gulf of
St. Lawrence populations have potentially higher contemporary
productivity than that observed or predicted at the earliest time
points. All three stocks displayed markedly elevated productivity
in the late 1970s and early 1980s. The Southern Newfoundland
stock displayed increasing productivity until the 1980s and has
been declining since. The Labrador – Northern Newfoundland
population (Northern cod) displayed constant productivity to the
late 1980s, where it dipped precipitously prior to the cod fishing
moratorium in 1992. A similar but more consistently decreasing
trend was observed for the Southern Grand Banks population,
again with a precipitous decline in the early 1990s. Both stocks are
currently at depressed productivity levels, although forecasts sug-
gest slow though uncertain productivity increases in both. The
Flemish Cap population displays differing productivity trends to
those elsewhere in the Northwest Atlantic; while other popula-
tions reached a peak in productivity in the early 1980s, the Flem-
ish Cap displayed a trough, similar to that observed in the mid- to
late 1990s.

The longest series available in the Northeast Atlantic came from
the Northeast Arctic and Icelandic populations. The Northeast
Arctic population displayed very similar trends in the univariate
and multivariate models (Fig. 3). The productivity of this stock
fluctuates erratically but does not display any long-term direc-
tional trends from 1950 to 2010. Note that an earlier increase in
productivity was observed for this population over the time pe-
riod 1910–1950, it but is not plotted in Fig. 3 owing to the time span
covered by most series being considerably shorter. The Norwegian
Coastal stock has displayed a marked increase in productivity
through the 1990s, after which it declined to a lower level. Similar
to the Northeast Arctic population, the Icelandic population also
displays marked process variability. Overall, this population
reached a peak in the early 1980s and has been decreasing slowly
and erratically but to levels higher than those in the 1950s. The
Faroe Plateau population similarly reached a peak in the late
1970s and early 1980s, with a subsequent decline but to a lower
level than that estimated in 1960. Further south, the West of Scot-
land population displayed constant productivity in the univariate
fit, but more process variability in the multivariate fit. The pro-
ductivity level for this population has remained approximately
constant. The Irish Sea population displayed relatively constant

Fig. 1. Cod log survival residuals after removing the effects of adult
abundance. Lines represent the residuals from fitting a time-
invariant Ricker model to log survival. Each population is separated
by two units on a natural logarithmic scale for display. The
horizontal line divides Northeast Atlantic (top) and Northwest
Atlantic (bottom) populations. Table 2 provides details of each
population.
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Table 3. Summary of model fits.

Model name
−log
likelihood k q AIC

Northwest Atlantic
Time-invariant 465.10 10 0 950.20
Time-varying productivity 199.16 20 10 458.32
Time-varying density dependence 335.91 20 10 731.82
Time-varying productivity and

density dependence
199.16 30 20 498.32

Time-covarying productivity 109.88 65 20 389.76

Northeast Atlantic
Time-invariant 338.52 11 0 699.04
Time-varying productivity 198.82 22 11 463.64
Time-varying density dependence 241.78 22 11 549.56
Time-varying productivity and

density dependence
191.75 33 22 493.5

Time-covarying productivity 75.65 77 22 349.3

Note: k and q refer to the number of variance parameters and number of
initialized states, respectively. AIC, Akaike’s information criterion. Model de-
scriptions are provided in Table 1.
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productivity until the late 1980s, and thereafter dropped to its
presently low levels. The Celtic Sea population increased until the
1990s and has been slowly decreasing since, but to levels similar to
those observed at the start of the series. The North Sea population
displayed a highly uncertain increase until 1980 and a continuous
decline to lower levels since. In the Kattegat, productivity ap-
peared constant to the mid-1990s and has subsequently declined
to low levels. The Western Baltic population declined until the
late 1980s, then displayed a short uncertain period of increasing
productivity and a subsequent decline to its presently low levels.
In contrast, the central Baltic population also displayed an erratic

decline until the late 1980s, but thereafter has been increasing to
higher productivity levels comparable to the highest observed in
the series (Fig. 3).

Patterns in productivity across regions
The correlation of time-varying maximum reproductive rates

across populations (Qa in eq. 9) shows marked patterns in the
Northeast and Northwest Atlantic (Fig. 4). Some strong correla-
tions exist in the Northwest Atlantic (e.g., the Georges Bank, Gulf
of Maine, and Southwestern Scotian Shelf populations). Fur-
ther north, the Labrador – Northern Newfoundland, Southern

Fig. 2. Estimated maximum reproductive rates and 95% confidence intervals from univariate (yellow) and multivariate (blue) fits to the
Northwest Atlantic cod populations. Dashed vertical lines represent the earliest and latest data points for that population. Predashed line fits
are hindcasts from the multivariate Kalman smoother. Postdashed lines are smoothed forecasts.
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Newfoundland, and Southern Grand Banks populations display
positive correlations. The Southwestern Scotian Shelf also dis-
plays positive correlations with distant stocks such as the North-
ern Gulf of St. Lawrence, Southern Newfoundland, and Labrador –
Northern Newfoundland. Equally noticeable, however, is the
isolation of several individual stocks from adjacent ones. For ex-
ample, the Eastern Scotian Shelf stock displays no or weakly neg-
ative correlations with the nearby stocks of the Gulf of Maine and
Georges Bank. Similarly, the Southern Gulf of St. Lawrence popu-
lation displays no or negative correlation with all but the adjacent
Northern Gulf population (Fig. 4). Outside the positive correla-

tions already highlighted, the Southern Grand Banks displays
weak correlations with all other populations. Interestingly, the
Flemish Cap displays weakly negative correlations with all popu-
lations (Fig. 4).

Northern populations of the Northeast Atlantic typically dis-
play no or negative correlations with more southerly populations
(Fig. 4). Among the northerly Northeast Atlantic populations, the
correlations are also weak. Most remarkably, the Icelandic popu-
lation displays negative correlations with all populations outside
the northern stocks other than the Faroe Plateau. The Faroe
Plateau population displays weak correlations with all populations

Fig. 3. Estimated maximum reproductive rates and 95% confidence intervals from univariate (yellow) and multivariate (blue) fits to the
Northeast Atlantic cod populations. Dashed vertical lines represent the earliest and latest data points for that population. Predashed line fits
are hindcasts from the multivariate Kalman smoother. Postdashed lines are smoothed forecasts.
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apart from the Icelandic population. Two clusters of populations are
apparent in the northeast Atlantic: the West of Scotland, Irish Sea,
Celtic Sea, and North Sea; and the North Sea, Kattegat, Western
Baltic, and Central Baltic populations, although the Central Baltic
correlations are weaker (Fig. 4). The West of Scotland population
displayed positive correlations with most southern populations.

The correlation of the maximum reproductive rate between
stock pairs decays with distance on both sides of the Atlantic
(Fig. 5). Preliminary additive model fits indicate that the strength
of the correlation appears to decay more quickly over geographic
distance in the Northwest Atlantic (distance to a mean correlation
of 0.5 ≈ 330 km) than the Northeast Atlantic (distance to a mean
correlation of 0.5 ≈ 520 km) (Fig. 5).

Univariate–multivariate comparison
A comparison of the smoothed states from the univariate and

multivariate formulations show similar trends for most popula-
tions, with overlapping confidence intervals from both methods
(Figs. 2 and 3). The confidence intervals are tighter for the multi-
variate implementation, allowing for better inference on the dy-
namics. Some populations, such as Georges Bank, show dynamics
not present in the univariate results (Fig. 2). Similar to the West of
Scotland (Fig. 3), the univariate fit was flat, indicating no process
variation in productivity when viewed in isolation. Yet, when ana-
lysed in a multivariate setting, distinct dynamics are present; in-
deed these were found to be strongly correlated with adjacent
populations in both cases. The multivariate state estimates were

Fig. 4. Correlations as estimated in the multivariate model for the Northwest Atlantic (lower triangle) and Northeast Atlantic (upper triangle).
The strength of the correlation is represented by the radius of the circle, and the direction by the color (blue representing negative
correlations and red positive). Radii greater than that of the dashed circles are approximately significant as calculated by 1.96�1/Noverlap,
where Noverlap is the number of pairwise overlapping points. Full region names are provided in Table 2.
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typically more variable than those of the univariate states (Figs. 2
and 3). Covarying productivity changes, which, in the univariate
case, are attributed to measurement error, appear to be picked up
as part of the process in the multivariate case.

Hindcasts prior to the start of the assessment quickly become
uncertain as demonstrated by the rapidly expanding confidence
intervals into the past where no data exist for that population
(Figs. 2 and 3). Yet remarkably, some populations such as the
Norwegian Coastal, West of Scotland, Georges Bank, and Gulf of
Maine have relatively narrow confidence bands and dynamically
changing hindcasts (Figs. 2 and 3). High productivity hindcasts for
Georges Bank and the Gulf of Maine are largely driven by the
strong negative correlation with the Southern Gulf of St. Lawrence
in the period of overlap (Fig. 4), a region that had low productivity
before 1970 (Fig. 2).

Fitted survival
The multivariate estimated log survival series differ quali-

tatively by population in the amount of measurement error
estimated for that region (Fig. 6). For some populations (e.g.,
Northeast Arctic, Norwegian Coastal, Irish Sea, Western Baltic,
Labrador – Northern Newfoundland, and Southern Grand Banks),
the estimated measurement error is very small, resulting in nar-

row or negligible confidence intervals (Fig. 6). For other popula-
tions (e.g., Iceland, Faroe Plateau, West of Scotland, North Sea,
Georges Bank, Southwestern Scotian Shelf, Flemish Cap), greater
amounts of measurement error are estimated. Overall, the pre-
dicted series correspond well to the assessment data (Fig. 6).

Discussion
In developing a novel multivariate state-space model, we have

shown that the maximum reproductive rate, an essential param-
eter that governs early life stage productivity, varies markedly
through time. Our analysis for Atlantic cod populations indi-
cated that the maximum reproductive rate for many of these
was recently trending downwards, indicating some fundamen-
tal changes in stock biology, or, alternatively, in their environ-
ment. Importantly, these changes are independent of changes in
adult abundance or the effects of density dependence. Regionally,
there were clear productivity regimes across neighboring popula-
tions; these spatial trends appeared to be more strongly conserved
in the Northeast Atlantic compared with Northwest Atlantic cod
stocks.

Methodological advances and shortcomings

Advances
Our work is a logical extension of previous analyses by Myers

et al. (1995b) on correlations in the recruitment dynamics among
cod populations. Unlike that paper, and other analyses based on
residuals about the stock–recruitment curve, our model consid-
ered all datasets at once and derived a correlation structure
founded in population dynamics. Our correlations thus lend
themselves to theories of fishing as opposed to interesting but
ultimately limited-in-application correlations among residuals.

Time-varying density dependence was investigated in addition
to the maximum reproductive rate and shown, via goodness-of-fit,
to be relatively stable through time. Whether this reflects an in-
herent rigidity in the linear form of the model or a general feature
on the ecology of the species remains to be investigated. We note,
however, that state-space models are uniquely suited to the sepa-
ration of what otherwise appear to be confounded processes.

Shortcomings
The spawner and recruit series we have used are not raw data

but the output from complex population dynamics models that
integrate catch and survey data to provide estimates of fishing
mortality and abundance. Assumptions implicit in the assess-
ment data and model may, therefore, affect our results. To our
knowledge, none of the assessments we used have fixed parame-
ters regarding recruitment. Misreporting of the catch as well as
nonconstant adult natural mortality may also affect the estimated
spawner and recruit series. Of particular concern to our inference
is discarding of prerecruit fish, particularly where this has trended in
time. While these issues are of concern, we treated the stock as-
sessment as the maximal state of knowledge on the stock and
based our inferences thereon, noting that our state-space model
includes both process and measurement error variance, which
may alleviate some of these issues.

We assumed normality throughout, which allowed us to imple-
ment a relatively straightforward multivariate model using the
Kalman filter and smoother. Yet violations of the assumption of
normality occurred quite frequently (see Supplementary Mate-
rial1). It is difficult to distinguish between structural breaks in the
process and outlying events; both will appear as innovation out-
liers when investigated. Either way, the effect is to inflate the
process error variance (Harvey 1991). Assuming longer tailed
distributions for the disturbances, using methods such as those
presented in Kitagawa (1987) are likely to yield better fits, but
multivariate implementations of these models were considered
beyond the scope of the present manuscript. We note that such

Fig. 5. The relationship between the estimated pairwise correlation
of the time-varying productivity between regions and the
geographic distance between the centroids of the populations. The
radius of each point is proportional to the number of pairwise
overlapping observations used to estimate the correlation. An
additive model fit (solid line) and 95% confidence intervals
(dashed lines) indicate overall trends with distance by region.
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Fig. 6. Observed (points) and fitted (solid line) log survival by population. Grey shading represents the 95% confidence intervals.
Corresponding area names are provided in Table 2.
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non-normal methods may be particularly useful when identifying
structural breaks in productivity (Vert-pre et al. 2013), potentially
yielding a very general class of recruitment models.

Myers et al. (1999) demonstrated the suitability of the Ricker
model in estimating the maximum reproductive rate. The Ricker
model was particularly convenient in this application owing its
linearization, allowing use of the Kalman filter and smoother
techniques. The Beverton–Holt stock–recruitment function can
also be linearized on the inverse scale (see Nelder (1966) for a
discussion of the Michaelis–Menten equation as a first-order in-
verse polynomial) but would likely require a non-normal error
assumption. Nonlinear, non-normal functions would require ap-
proximate or sampling-based solutions to parameter and state
estimation. We note, however, that the Beverton–Holt has an
equivalent parameter governing the intrinsic productivity (the
slope at the origin of the stock–recruit function) and only differs
in the form of density dependence. Our observed trends in pro-
ductivity should therefore be relatively robust to the particular
stock–recruitment functional form.

Estimating the slope at the origin requires extrapolation, which
has proved very difficult for the related question of estimating
steepness in many assessment methods. Allowing this parameter
to vary in time adds an additional level of complication. Yet the
confidence intervals surrounding the dynamic maximum produc-
tivity states we have estimated allow for inference on changes.
Many of the populations observed here have at one time been
reduced to very low spawner biomasses, sometimes over pro-
tracted periods (e.g., Northern cod). Atlantic cod may therefore be
a suitable model species to test these methods. Moreover, we note
that state-space time-series models are extremely powerful meth-
ods for detecting signals from data.

Finally, we note that although the unstructured covariance ma-
trix makes the fewest a priori assumptions on the correlations
among stocks, the number of parameters increases proportion-
ally to the square of the number of stocks. There exist many
formulations for the structure of the covariance matrix Qa, such
as exchangeable (same correlation between all populations), ex-
ponential, and half-Gaussian, among others (Diggle et al. 2003).
The correlation may also be made an internal function of a dis-
tance measure (likely geographic distance, but also other dis-
tances, for example, genetic, might be of interest) between the
populations. Such flexibility opens many additional avenues for
further research on productivity dynamics and interrelationships
among stocks.

Productivity dynamics
Observed long-term trends in the maximum reproductive rate

indicate that populations may go through longer periods of both
high and low productivity. For example, the Eastern Scotian Shelf
population exhibited relatively stable maximum reproductive
rate until the late 1980s, decreasing through the 1990s and then
rapidly increasing to a higher level, with a recent decrease (Fig. 2).
The Gulf of St. Lawrence populations have also exhibited similar
changes. Qualitatively, some populations exhibit marked increases
and decreases in productivity (Eastern Scotian Shelf, Southwestern
Scotian Shelf), whereas others appear to have entered a different
productivity regime (Georges Bank, Gulf of Maine), albeit as in-
ferred from hindcasts of relatively short time series (Fig. 2). For the
Gulf of Maine stock, the hindcasted result conflicts somewhat
with the long historical assessment for this stock (Butterworth
and Rademeyer 2008). The historical assessment showed low re-
cruitment at high spawning stock biomass before 1970, and once
the recruitment model was accounted for, variable residuals did
not show marked increases in productivity before 1970, although
the Ricker residuals from 1965 to 1955 were consistently positive.
The large increases in hindcasted productivity result from a strong
negative correlation with the Southern Gulf of St. Lawrence stock
in the period of overlap. It is possible that for these stocks the

covariance matrix (Fig. 4) is nonstationary (Kelly et al. 2009), a
hypothesis that could be further investigated in a state-space
framework with dynamic covariance structures (Petris et al. 2009).

The Newfoundland populations (Southern Newfoundland,
Labrador – Northern Newfoundland, Southern Grand Banks, and
Flemish Cap) are the only stocks to have estimated time-varying
maximum reproductive rates close to or even below the point of
replenishment of the population at zero fishing mortality (Fig. 2,
zero line). While the Flemish Cap population productivity recov-
ered from a low in the mid- to late 1990s, the recovery of the
reproductive rates in the other Newfoundland stocks has been
considerably slower, as inferred from the smoothed multivariate
forecasts.

Overall, the Northeast Atlantic stocks displayed less dramatic
changes in productivity, although the Norwegian Coastal, Faroe
Plateau, and Central Baltic populations exhibited marked changes.
Many of the Northeast Atlantic populations have exhibited a re-
cent decline in productivity; most noticeable relative to the earli-
est hindcasts are the Irish Sea, North Sea, Kattegat, and Western
Baltic (Fig. 3).

Covariance of the trends
When viewed together, the consistent patterns in maximum

reproductive rate observed across some populations (Fig. 4) might
be indicative of spatially defined productivity regimes or “prov-
inces”, perhaps determined by prevailing environmental condi-
tions or differences in stock structure. Yet the picture is not as
unequivocal as previously thought. Based upon the coherence of
spawning stock biomass or recruitment series in the Northwest
Atlantic, Rothschild (2007) concluded that strong coherence is
likely the result of common environmental conditions. However,
coherence of the spawning stock biomass may also reflect factors
other than the environment (e.g., coherent fishing mortality pat-
terns). We have focused on recruitment, specifically trends in the
maximum reproductive rate, which is a combination of fecundity
and density-independent (environmental forcing) mortality (Ricker
1958). Allowing the maximum reproductive rate to vary allows
changes in the productivity of the population unrelated to
spawner abundance or the strength of density dependence to be
investigated. Environmental effects can therefore be isolated
from the effects of density and adult abundance (see comments on
maternal effects below). While considerable correlation appears
between some populations of the Northwest Atlantic with some
clustering evident (Fig. 4), the coherence at this life stage is not
consistent across larger regions (Fig. 4). In fact, some populations
within the Northwest Atlantic exhibit negative correlations, even
those in relative proximity (Fig. 4). The estimated pairwise corre-
lation also drops off considerably quicker over geographical dis-
tance in the Northwest Atlantic (Fig. 5) than previously inferred
via correlations in recruitment residuals (Myers et al. 1995b, 1997).
This indicates that the processes governing productivity during
the early life history stages in this region may operate at a more
local scale than previously thought.

In the Northeast Atlantic, the northern populations of Icelandic
and Northeast Arctic cod exhibit weakly positive correlation of
their time-varying maximum reproductive rates, but vary in-
versely with populations of more southern latitudes (Fig. 4). These
results suggest these populations respond in an opposite direc-
tion to those of southern latitudes. The Icelandic population is
noteworthy in that it displays negative correlation with all south-
ern populations. Myers et al. (1995b) also noticed this from the
correlation amongst the residuals in recruitment, but those cor-
relations were weak using the series available at the time. The
correlations in the raw and detrended residuals are also weak
using the most recent series (Supplementary Materials1) and point
towards the utility of the time-varying parameter approach imple-
mented here.
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Adopting a multivariate approach allows for information to be
shared across populations, in terms of the covariances among
populations. In many regions, similar overall trends are obser-
ved in the univariate and multivariate implementations (Figs. 2
and 3). The multivariate implementation, however, enables the
strength of the correlation between populations to be estimated
within the model, thus accounting for multiple sources of uncer-
tainty. The process variability of the estimated states increases in
the multivariate setting, with some regions that exhibited con-
stant reproductive rate in the univariate setting showing greatly
increased dynamics in the multivariate setting (Figs. 2 and 3). Two
regions, Georges Bank and West of Scotland, emphasize this ob-
servation. The Georges Bank multivariate implementation exhib-
its very different dynamics compared with those of the univariate
case. Strong correlations were estimated between the Georges
Bank, Gulf of Maine, and Southwestern Scotian Shelf populations
(Fig. 4). This correlation influences the states for the Georges Bank
population. As there were no constraints on the correlation pa-
rameters (unstructured), the multivariate implementation may
be more reflective of the actual dynamics, inasmuch as informa-
tion is shared across populations. The West of Scotland also dis-
played strong correlations with adjacent populations (Fig. 4), but
the multivariate implementation largely follows that of the uni-
variate, though with more process variability.

Hypotheses for observed changes
While allowing the maximum reproductive rate to vary as a

stochastic process, the approach taken here is without explicit
mechanism. Here we discuss potential hypotheses for the ob-
served changes, bearing in mind that the maximum reproductive
rate is a combination of density-independent mortality and fecun-
dity.

Density-independent effects
Mantzouni et al. (2010) presented a hierarchical model linking

the maximum reproductive rate to changes in temperature for
Atlantic cod. Similarly, Brander and Mohn (2004) presented evi-
dence for the effects of broad-scale climatic indices on recruit-
ment success. Planque and Frédou (1999) showed relationships
between temperature and raw recruitment. Drinkwater (2005)
used some of these relationships to predict future scenarios, with
range expansions in the northern areas and range contractions
and loss of populations in southern areas. Overall, the trends we
estimated present a mosaic of responses that are considerably
more dynamic than a straightforward temperature effect could
impart. For example, the Georges Bank and Gulf of Maine popu-
lations responded as predicted, whereas the Celtic Sea popula-
tion, inhabiting the warmest region of all, exhibited increases in
productivity until the late 1990s and a decline to levels compara-
ble to those observed at the earliest time point for this population,
higher than the uncertain hindcast. Similarly, the Newfoundland
stocks are predicted to increase in size (Drinkwater 2005), al-
though the productivity of these populations has declined to very
low levels. A solely unidirectional response was not inferred by
Drinkwater (2005), nor was there a distinction between carrying
capacity and productivity, but it is clear from our results that
there are other drivers operating to affect productivity in addition
to temperature effects. The finding of the marked decrease in
pairwise correlation with distance in the Northwest Atlantic
would further suggest that the effects are more localized than
previously thought in that region.

Beaugrand et al. (2003) suggested that an interaction between
temperature changes and zooplankton dynamics could adversely
affect the reproductive success of cod via the match–mismatch
hypothesis (Cushing 1975, 1996). Boyce et al. (2010) reported broad-
scale changes in chlorophyll concentrations with marked de-
clines in many regions, including the North Atlantic, though local
increases were observed for the North Sea and Baltic. Changes in

plankton dynamics may reduce the condition of early life history
stage larvae and increase density-independent mortality (Cushing
1975). Such changes could be reflected in the observed changes to
the maximum reproductive rate. Recently, Kristiansen et al. (2011)
found that the importance of match–mismatch dynamics in-
creased with latitude, adding additional complexity to the pre-
dicted response.

Many small pelagic species such as Atlantic herring and Atlantic
mackerel have increased in abundance since the early 1980s
(Worm et al. 2009). Some of these species are observed to prey on
the early life history stages of groundfish, including cod (Daan
et al. 1985; Köster and Möllmann 2000; Segers et al. 2007). Swain
and Sinclair (2000) showed a lower recruitment success of cod in
the Southern Gulf of St. Lawrence with increased herring and
mackerel abundance. It is debated whether this occurs in the
adjacent Eastern Scotian Shelf region (Frank et al. 2011; Swain and
Mohn 2012). Fauchald (2010) investigated the effect of zooplank-
ton, temperature, and small pelagic species abundance on cod
recruitment and concluded that predation by small pelagics was
an important source of prerecruit mortality. In a hierarchical in-
vestigation of the effect on recruitment, Minto and Worm (2012)
found an overall negative effect of herring abundance on young
cod survival but with considerable regional variation.

Maternal effects
Trippel et al. (1997) showed that using older fish as a measure of

spawning potential provided a better relationship with recruit-
ment. As such, changes in the age composition of the population
can affect the reproductive output (Hutchings and Myers 1993;
Wright and Gibb 2005). Marshall et al. (2006) also showed changes
in egg production of cod in the Northeast Arctic via changes in
spawner composition. In a meta-analysis of the effect of the diver-
sity of spawner ages on recruitment and recruitment variability,
Brunel (2010) observed that such maternal effects, particularly age
diversity, can be important for some species, including cod, but
that the effects are not taxonomically universal. It is also possible
that the effects manifest through potentially complex interac-
tions between maternal effects and environmental conditions
(Green 2008).

The degree to which the observed changes are common across,
or specific to, certain populations and regions should assist in the
reduction of plausible hypotheses. Candidate hypotheses must be
capable of explaining the scale of the observed changes recorded
here (Figs. 4 and 5) (Myers et al. 1995b). Estimated trends in prere-
cruit productivity that are independent of adult density and
density-dependent effects, such as those proposed here, would
also feature in such a testing framework. The current approach
may also be amenable to alternative tests of time-series forcing
such as Granger causality (Hamilton 1994).

Disentangling density-independent and maternal effects
The penultimate step in the derivation of the Ricker stock–

recruitment model combines the product of fecundity and
density-independent mortality into one term — the slope at the
origin — which, when appropriately scaled, is the maximum re-
productive rate (Myers et al. 1996). Where information is available
on the temporal dynamics of fecundity, these may be included
directly in the recruitment function, providing for a cleaner inter-
pretation of changes attributable to density-independent effects.
Ricker (1973) makes explicit reference to this approach. Unfortu-
nately, the paucity of long-term monitoring of fecundity (Trippel
et al. 1997) may preclude such an investigation, although some
populations, such as the Northeast Arctic cod, could be amenable
to such investigations.

Population viability
Rescaling the slope at the origin using the weight of spawners

per recruit at zero fishing mortality (SPRF=0) allows the long-term
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viability of the population to be investigated. A maximum repro-
ductive rate of one corresponds to equilibrium replacement,
whereas values below one would indicate population decline with
potential extinction risk. Many of the populations have values
much greater than one (exponent of the natural logarithm of the
maximum reproductive series in Figs. 2 and 3), as noted by Myers
et al. (1996), although some populations such as the Northern Gulf
of St. Lawrence (around 1990), Eastern Scotian Shelf (recently), and
Western Baltic (around 1990) had values very close to one. The
Newfoundland populations had maximum reproductive rates
lower than one for short periods of time. Were they sustained,
these values would result in progressive decline, even without
fishing mortality, and therefore heightened extinction risk (Myers
and Mertz 1998). It is important to note that the calculation of
SPRF=0 involves natural mortality of the adult population. In many
cod populations this is fixed at 0.2, whereas Swain and Chouinard
(2008) and Trzcinski et al. (2006) have documented marked in-
creases in adult natural mortality that would imply a lower SPRF=0

value than those used here. This would affect where the replace-
ment line occurs for the interpretation of extinction risk, but not
the trends nor correlations we estimated. Other populations such
as the Norwegian Coastal population, Irish Sea, Kattegat, and the
Western Baltic display worrying contemporary trends of decreas-
ing productivity (Fig. 3).

Management implications
Short-term forecasts are used in most stock assessments to

project the population trajectory under a range of exploitation
scenarios (Quinn and Deriso 1999). The geometric mean of the
recruitment rate averaged over a number of recent years is typi-
cally used for this. Such an approach may, therefore, reflect pres-
ent productivity conditions, unless marked trending patterns are
present in recent recruitment. Where our approach significantly
departs from traditional fisheries management methods is in the
recognition that the maximum reproductive rate is not static and
can in fact change quite markedly from year to year. The conse-
quence of this observation is that biological reference points es-
tablished thereon also have to be dynamic. The commonly used
approach of estimating a single reference point effectively pro-
duces management advice that is geared to average past conditions.
Yet, the present productivity may have departed considerably,
putting the population at risk of overfishing (or underfishing)
given changed productivity levels.

Ecosystem approaches to fisheries management holistically ap-
proach the question of dynamic productivity in a dynamic envi-
ronment, but the large number of potential interactions (largely
focused on adults) as well as associated uncertainties have delayed
applications to single-species management advice. Ultimately, a
mechanistic understanding of the broader system is required, but
at the single-species level the time-varying approach we devel-
oped may provide a method for integrating empirically across the
plethora of environmental and biological drivers. As such, we may
refer to time-varying population dynamics models as an “implicit
ecosystem approach”.

In conclusion, marked temporal and spatial variation was
observed in a key population parameter, the maximum repro-
ductive rate, within and across populations for Atlantic cod.
Our method develops on previous analyses of correlations among
recruitment residuals, primarily through its foundation in popu-
lation dynamics theory. The method allows for simultaneous es-
timation of time-varying recruitment dynamics across multiple
populations. It demonstrates how these relationships change
with geographic distance, identifying similar productivity re-
gimes among neighbouring populations. The observed trends dis-
played some synchronicity across populations, but also finer scale
variability not readily explained by panregional hypotheses. The
explicit investigation of the management implications can be pro-

vided through traditional theory extended for time-varying com-
ponents (Collie et al. 2012).
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