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INTRODUCTION

Impact of climate and fisheries on sub-Arctic stocks
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ABSTRACT: Understanding the drivers (internal and external) that determine the productivity of
marine ecosystems is challenging. For example, the correct estimate of recruitment is essential to
estimate fish stock abundance. In this Theme Section, 5 papers explore the effect of fishing and cli-
mate on population structure across sub-Arctic ecosystems. The studies focus on how temperature-
and fishing-induced changes in spatial and demographic population structure affect recruitment
and population growth rate. The results suggest common patterns, but also highlight differences in
the relative importance of fishing and climate among the populations and ecosystems examined.
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Introduction

There is growing awareness among fisheries sci-
entists that climate variability and fisheries in-
fluence the state and functioning of marine eco-
systems. Importantly, the effects of climate and
exploitation interact, such that climate alterations
may cause failure in a fishery management scheme,
while fisheries may disrupt the ability of a popula-
tion to withstand, or adjust to, climate change
(Planque et al. 2010). Accordingly, marine ecosys-
tems under intense exploitation may evolve to-
wards stronger bottom-up control and greater
sensitivity to climate forcing (Perry et al. 2010).
Because climate change occurs slowly, its effects
are not likely to have immediate ecosystem im-
pacts, but will gradually become evident by affect-
ing the interactions between fishing and environ-
mental variability.

To explore this topic—with a focus on comparative
analyses of sub-Arctic seas—two international work-
shops were hosted by the Centre for Ecology and
Evolutionary Synthesis (CEES) of the University of
Oslo in November 2009 and March 2011. The work-
shops brought together scientists from 5 countries
(Canada, France, Norway, Russia and the USA) with
expertise in theoretical ecology, animal behaviour,
fish ecology, fisheries oceanography and ecosystem
modelling. This Theme Section is composed of 5
papers that resulted from the workshops and the
surrounding discussions.

There is no a priori reason to assume that fish
populations, let alone ecosystems, display a linear
response to the joint pressure from climate and
exploitation. Thus, the methods employed to study
such effects should be able to deal with non-
additive and non-linear patterns. Moreover, the re-
lationship between recruitment, spawning stock bio-
mass and temperature frequently varies over time,
so temporal non-stationarity should also generally
be taken into consideration when analysing fish
stock data. Besides temporal non-stationarity, spatial
non-stationarity may also affect population dynam-
ics. For instance, the non-uniform fishing pressure
on population sub-units may lead to a reduction in
the capacity of populations to withstand climate
variability and change. In addition, since small,
pelagic forage fish often prey on the egg and juve-
nile stages of their larger fish predators, selective
fishing of either the top predators or the pelagic
forage fish component of the system may lead to a
role-reversal and destabilize the ecosystem (Bakun
2010, Fauchald 2010).

This Theme Section provides substantial insights
into how environmental variability and fisheries affect
population dynamics of harvested marine fish stocks.
Each paper addresses one of 5 key points, as detailed
in the following sections.

(1) Temporal shifts in and temperature effects on
recruitment dynamics

Density-independent environmental factors are as-
sumed to be of primary importance in regulating the
size of fish populations, accounting for most of the
variability in pre-juvenile survival (Houde 2008). On
the other hand, density-dependent survival in the
juvenile phase is also considered to be a key factor
and is embodied in many age structured fisheries
assessment models where regulation is effected
through a stock-recruitment relationship (Hilborn &
Walters 1992). Thus, disentangling the effects of cli-
mate variability and internal population dynamics on
recruitment remains a challenge.

In the first paper in this Theme Section, Ottersen et
al. (2013) tested, by means of statistical modelling,
7 hypotheses relating variation in sea temperature,
spawning stock biomass, and mean age in the spawn-
ing stock to temporal patterns in recruitment dynamics
of 38 commercially harvested North Atlantic fish
stocks. Their results highlight the need to be careful
not to over-interpret purely linear environment-
recruitment associations (like correlations), since the
underlying relations may be non-linear and variable
over time. The reason for established correlations to
break down when new data are added may be non-
stationarity, i.e. recruitment dynamics undergoing
temporal shifts. Ottersen et al. (2013) found that non-
stationarities in recruitment dynamics are quite fre-
quent and often abrupt. The most frequent alteration
in the non-stationary linear models occurred in the in-
tercept in recruitment success, suggesting a change in
pre-recruit mortality over time (observed for 14 stocks).

(2) Erosion of population spatial structure

All animal populations are spatially structured as a
result of the physical environment and of behavioural
and biological processes occurring within and be-
tween different populations. Changes in the spatial
structure of marine populations can be a prelude to
further changes in abundance and can affect the
resilience of a population to human and environmen-
tal perturbations. There is evidence that large varia-
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tions in species abundance over time are typically
accompanied by equally dramatic and large-scale
changes in spatial distribution patterns, not only for
marine fishes but for animal populations in general
(e.g. Gaston et al. 2000, Bacheler et al. 2009). More-
over, changing spatial patterns can subject indi-
viduals to a set of new environmental constraints
and interspecific interactions, and can have conse-
quences at the community level.

Ciannelli et al. (2013, this Theme Section) under-
score the importance of examining the spatial eco-
logy of fish populations to (1) understand the under-
lying mechanisms that can lead to rapid alterations in
population abundance and community interactions,
(2) provide indicators of stock health, and (3) charac-
terize the consequences of changing spatial patterns
on the population susceptibility to human exploita-
tion and environmental variability. In their review,
Ciannelli et al. (2013) have shown how populations
can be spatially structured, regardless of their genetic
and demographic connections, and that the erosion
of such spatial structure has negative consequences
at the population and community levels.

(3) Predicting fish recruitment

Prediction of year-class strength is a critical chal-
lenge for fisheries managers. Spawning stock bio-
mass (SSB) may be a useful predictor of future re-
cruitment at extreme high or low values, but there is
enormous variability in the relationship between SSB
and recruitment strength at intermediate values of
SSB. This lack of relationship indicates that other,
environmental, variables are likely to play an impor-
tant role in determining the production of recruits. In
particular, the survival of egg and larval stages are
vulnerable to any number of catastrophic impacts
from the environment, whereas the survival of juve-
niles may be more predictable.

Stige et al. (2013, this Theme Section) examined the
usefulness of juvenile relative to larval abundance in
predicting recruitment. They analysed data on 5 mar-
ine fish stocks covering 4 species and 3 Arctic ecosys-
tems. They found that abundance indices of later life
stages do not always provide better estimates than
those based on earlier life stages, and suggest that this
unexpected result was due to the poor quality of the
time series collected for older life stages. Stige et al.
(2013) showed that the inclusion of environmental in-
dices often improved the accuracy of 'honest’ predic-
tions of recruitment, i.e. predictions based upon data not
used when fitting the recruitment models. Stige et al.

(2013) finally stressed that even with complex marine
systems, the environment-recruitment correlations
were found to be unstable, and the available time-
series were short, consideration of environmental in-
formation may still improve recruitment predictions.

(4) Predator—prey interaction

Unlike most terrestrial ecosystems, marine systems
may allow for role-reversal between prey and preda-
tors. Small, pelagic forage fish are often themselves
predators of, and competitors with, the egg and juve-
nile stages of their larger fish predators. In fact, prey
species may flourish as a result of decreased predation
pressure when predatory fish have been fished down
(e.g. Frank et al. 2011). Subsequently, they may pre-
vent the recovery of the predator, e.g. by preying on
the predator's eggs and larvae (Bakun & Weeks 2006,
Bakun 2010). Thus a large population of forage fish
may reduce the recruitment of predators to the extent
that the system switches to an alternate prey-dominated
state. Consequently, selective human harvesting of
either the predators or the forage fish may cause eco-
system shifts by ‘pushing’ the system between the
respective states (Bakun 2010, Fauchald 2010).

Hjermann et al. (2013, this Theme Section) scruti-
nized the potential predator-prey reversal scenario
for the North Sea suggested by Fauchald (2010) by
conducting a spatially resolved analysis based upon
40 yr of cod and herring Clupea harengus data. They
found that the mechanisms for the changes in cod
and herring abundance vary spatially throughout the
North Sea. For instance, the largest decline in cod re-
cruitment occurred along the coasts of the Netherlands,
Germany and Denmark, where herring abundance
and water temperature have increased more than in
other parts of the North Sea. In this area, the cod and
herring were oppositely affected by the observed in-
crease in sea surface temperatures (the cod negatively,
the herring positively), and herring abundance had an
additional negative effect on cod recruitment. Thus,
for parts of the southern North Sea, the findings of
Hjermann et al. (2013) are consistent with the hypo-
thesis of alternative stable states, while for other parts
there is no evidence that such mechanisms operate.

(5) Population growth rate across heterogeneous
environments

Population growth is affected by several factors
such as climate, species interactions, and harvesting
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pressure, with the latter making marine populations
more sensitive to climate forcing (Hsieh et al. 2010).
Age-truncated or juvenescent populations are a
worldwide consequence of high and often size-
selective mortality from commercial fishing, typically
targeting the older and larger individuals (Law 2000).
Juvenation may increase a populations’' ability to
directly respond to environmental fluctuations (Rouyer
et al. 2011), emphasizing the importance of the inter-
action between fisheries, environment, and recruit-
ment and population growth that produces complex
synergic effects on the population dynamics of mar-
ine species.

Durant et al. (2013, this Theme Section) explored
how external forcing (climate and fishing) and re-
cruitment modulate the population dynamics of fish
within different environments. They calculated the
realized yearly population growth rate of 7 gadoid
stocks across different ecosystems. By comparing the
corresponding sensitivity of population growth to
recruitment change across the 7 stocks, Durant et al.
(2013) showed that reduction in generation time trig-
gered an increase in the relative contribution of
recruitment to population growth, while the increase
of fishing mortality—suggested to truncate the age
structure of the stocks—had a weaker effect. The
findings of Durant et al. (2013) emphasise how the
elasticity of the population growth to recruitment
change can be affected by a long-term change in age
structure of the population, maybe due to fishing
(e.g. Rouyer et al. 2011, but see Ottersen et al. 2013),
but also directly by the ongoing fishing intensity.

Conclusions

The key message of this Theme Section is the
importance of the interplay between environment
and stock (size and structure) in shaping recruitment
of sub-Arctic marine fish stocks. The 5 papers high-
light different aspects of this theme and draw atten-
tion to the value of monitoring temporal and spatial
patterns, as well as environmental forcing. In this
Theme Section, we have demonstrated that:

(1) Recruitment estimates may be improved by
taking into account environmental information and
non-stationarity. Ottersen et al. (2013) showed that
temperature may affect the stock-recruitment rela-
tion and that the effect can change through time, also
abruptly. The situation is further complicated by
the temperature-recruitment relation also displaying
spatial differences within the same sea (Hjermann
et al. 2013). Still, Stige et al. (2013) showed that envi-

ronmental information can aid the prediction of
recruitment. Furthermore, while much of the year
class strength is determined during egg and larval
stages, this pattern may be overshadowed by den-
sity-dependent mortality factors operating at later
life stages (Stige et al. 2013). Later measures, closer
to recruitment, should thus be the better recruitment
predictors. However, Stige et al. (2013) did not find
such a consistent improvement, perhaps due to the
shortness of the available time series.

(2) Age-structure may be important for under-
standing the dynamics of harvested populations.
Durant et al. (2013) showed that the contribution of
recruitment to population growth was affected by
environmental conditions and by the age-structure of
the population. However, contrary to what was ex-
pected, Ottersen et al. (2013) found little or no gen-
eral decrease in mean age in the spawning stock.
Still, results shown at our second workshop demon-
strate remarkable decreases in the number of repro-
ductive age groups in 6 NW Atlantic cod stocks, in
the most extreme case from 12 to 4 groups (K. Frank,
pers. comm.). The lack of clear patterns may result
from the different species having evolved a variety of
life history strategies, including life expectancies and
age of maturity, and thus cannot be expected to
respond in the same way to intensive fishing.

(3) Spatial ecology is important to understand the
underlying mechanisms that drive fish population
dynamics. Ciannelli et al. (2013) showed that spatial
structure of a population can be modified by both cli-
mate and fishing, with consequences at the popula-
tion and community levels. Ciannelli et al. (2013) ad-
vocated that the preservation of a population's spatial
structure should be an explicit management goal, es-
pecially since spatial structures in marine populations
are easier to monitor and characterize than demo-
graphic and genetic structures. Many commercially
exploited stocks are surveyed multiple times in a year
and over different life history stages. Therefore, there
is already a large body of available information that
can be integrated in management scenarios and that
is less difficult or expensive to obtain than other data
on population structures. However, the '‘poor’ data
stocks (i.e. those stocks that are irregularly monitored
or those not monitored at all because they are not
commercially important) represent a challenge; these
stocks will need to be monitored in order to reach
the sustainable management objectives.
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ABSTRACT: Effects of variation in spawning stock and sea temperature on long-term temporal
patterns in recruitment dynamics of 38 commercially harvested fish stocks in the northern North
Atlantic were studied. Different statistical models were explored within a Ricker stock-recruit-
ment framework. This includes, in order of complexity, adding a linear temperature term, a non-
linear (smooth) temperature effect, and non-stationarities (trends in intercept or in temperature
effect) and finally allowing for a stepwise change (a threshold). The different models were com-
pared in a uniform approach using Akaike's information criterion corrected for small sample size
as the model selection criterion. The relationship between recruitment, spawning stock biomass
and temperature varied over time. The most frequent alteration in the non-stationary linear mod-
els was, for 14 stocks, in the intercept in recruitment success, suggesting a change in pre-recruit
mortality over time. Threshold models performed better than the best linear or nonlinear station-
ary models for 27 of the stocks, suggesting that abrupt changes (maybe even regime shifts) are
common. For half of the stocks studied, the temperature effect was statistically significant when
added to the model of the relationship between recruitment success and spawning stock biomass.
This includes all 6 of the herring stocks studied, with a positive effect for cold-water stocks and
negative effect for stocks in the more temperate southern areas. For the 4 plaice stocks analysed,
all located towards the centre of the overall distribution range of plaice, a tendency toward
recruitment being favoured by lower temperatures was found.

KEY WORDS: Recruitment - Spawning stock biomass - Temperature - North Atlantic - Statistical
modelling - Non-stationarity - Climate
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INTRODUCTION ‘search for the Holy Grail' in fisheries science since at

least the early 20th century (Hjort 1914). Unfortu-

The quest toward understanding what regulates nately, the answer still seems to be as elusive as the
the variability in recruitment of commercially ex- Grail itself, and despite progress, forecasting recruit-
ploited fish stocks, i.e. the abundance of a cohort sur- ment remains a formidable challenge (Houde 2008).
viving to establish a new year-class, has been a Intuitively, there should be a quantitative relation-

*Email: geir.ottersen@imr.no © Inter-Research 2013 - www.int-res.com
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ship between the mature population and the recruits,
i.e. stock-recruitment curves. However, although
strong recruitment does tend to co-occur with high
spawner abundance (Myers & Barrowman 1996), the
stock-recruitment relationship is frequently weak
(Hilborn & Walters 1992, Koslow 1992). There are
several possible reasons for this seemingly weak
link: (1) the influence of environmental variability
(both interannual and long-term variation) on re-
cruitment may make it difficult to identify stock-
recruitment relationships, (2) not all stocks may have
exhibited variation in stock size large enough to see
a significant influence on recruitment, (3) there is
uncertainty in the recruitment estimates (from e.g.
virtual population analysis [VPA]), and (4) there are
insufficient data. Still, a general denial of meaningful
stock-recruitment relationships would have rather
alarming consequences for the science of fish popu-
lation dynamics (Iles 1994).

Density-dependent survival in the juvenile phase is
generally believed to be of key importance in regu-
lating the size of fish populations (Rothschild 1986,
Vincenzi et al. 2012). Under this assumption, the
emphasis is on quantifying the form of the density-
dependence, which in turn determines the shape of
the stock-recruitment relationship. This view is
embodied in many age-structured fisheries assess-
ment models in which regulation is effected through
a stock-recruitment relationship (Hilborn & Walters
1992). Further, it implies that recruitment may
depend on the size of the parental stock in a non-
linear manner.

In contrast, density-independent environmental
factors are also assumed to be of primary importance,
accounting for most of the variability in pre-juvenile
survival (Houde 2008). Paleo-record studies on fish
abundance variability prior to the onset of extensive
fishing indicate the importance of environmental fac-
tors for population regulation (Emeis et al. 2010,
Finney et al. 2010). Actually, the importance of the
environment for fluctuations in fish stocks was
already acknowledged as early as the 1870s (Kendall
& Duker 1998). Since then, recruitment has been cor-
related with temperature in numerous studies on sin-
gle stocks and fewer covering many stocks (exam-
ples of the latter are in Planque & Fredou 1999, Fox et
al. 2000, and Brunel & Boucher 2007). Unfortunately,
many such correlations tend to weaken or disappear
when retested with extended data series (Myers
1998). Thus, unequivocal identification of the rela-
tive importance of density-dependent versus density-
independent factors underlying recruitment varia-
tions remains an enigma (Frank & Leggett 1994).

Disentangling the effects of climate variability and
internal population dynamics on recruitment by
means of statistical data analysis is no easy task. For
instance, indirect, interacting and nonlinear effects
of environmental factors could lead to non-stationary
behaviour of linear and additive models (e.g. Stige et
al. 2006). Moreover, the inter-annual variability in
temperature (or any other environmental variable)
experienced by a single fish stock is often quite small
(Brander 2000). These problems may be reduced by
using long time series on many stocks in a compara-
tive analysis, which should widen the thermal range
and increase the number of degrees of freedom. The
comparative analysis may be either a joint analysis,
in which the results of identical analyses of indi-
vidual stocks are compared, or a pooled analysis, in
which the data are pooled and then analysed to-
gether (Brander 2000). Such studies can help to
determine what is fundamental and what is specific
to particular ecosystems for certain species (Drink-
water et al. 2010).

In the present paper, a comparative, joint ap-
proach is employed in statistically modelling tempo-
ral changes in recruitment dynamics in 38 commer-
cially harvested fish stocks in the northern North
Atlantic region, with a focus on the European side
(see Table 1). We focus in particular on the possible
non-stationarity in the long-term relationship be-
tween recruitment, spawning stock biomass (SSB)
and temperature and on the effect of the popula-
tion structure (SSB and body mass weighted mean
age in the spawning stock [MA]) on the stock-
recruitment relationship. Specifically, we examine
the validity of the hypotheses given below. In each
case, the formulation of the hypothesis is followed
by a brief description of why we address this partic-
ular issue.

H1: recruitment success varies among years in
response to temperature

Theory suggests that the environment (e.g. tem-
perature) may modify the quantitative relationship
between the mature population and the recruits, i.e.
recruitment success (In[R/SSB], where R is the num-
ber of recruits), and the stock-recruitment curves
(Cushing & Horwood 1994, Johansen 2007). While
temperature-recruitment studies are numerous, far
fewer have analysed the joint effects of temperature
and stock size on recruitment. Exceptions include
work on Baltic cod Gadus morhua and sprat Sprattus
sprattus (Koster et al. 2003), red mullet Mullus barba-
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tus in the Strait of Sicily (Levi et al. 2003), and North
Sea cod (Olsen et al. 2011). Moreover, if effects
of interannual differences in temperature are not
accounted for, apparent nonstationarity in the stock-
recruitment relationship may result.

H2: the relationship between recruitment, SSB, and
temperature is not constant over time

This implies that the recruitment dynamics is
non-stationary, either with a gradual alteration or
a more abrupt temporal shift, with different dy-
namics before and after this shift. Such shifts may
be part of broader ecological regime shifts, which
have been defined as ‘large, abrupt, persistent
changes in the structure and function of a system'
(Biggs et al. 2009). Marine ecological regime shifts
have been described in numerous earlier publica-
tions, including Francis & Hare (1994) regarding
the Northeast Pacific and Beaugrand (2004) regard-
ing the North Sea.

Myers (1998) re-examined previously published en-
vironment-recruitment correlations with prolonged
data series and found that the proportion of pub-
lished correlations that could be verified upon re-
test was low. The original findings could be merely
statistical artefacts, but real changes in underlying
regulating processes may have taken place, al-
tering the observed relationships. Indeed, long-term
changes in the ecosystem, for example in response to
climate change or harvesting, could lead to changes
in the relative roles of the different abiotic and biotic
factors that influence juvenile fish survival and
thus the relationships studied here. For example,
increased abundance of predators on juveniles could
lead to diminished importance of abiotic factors
(Bailey 2000).

For stocks that displayed a statistically significant
temporal shift in recruitment dynamics, we examined
possible causes for these shifts, formulated as Hypo-
theses H3, H4, and H5.

H3: recruitment per SSB decreases
with decreasing MA

High exploitation levels of many marine fish popu-
lations usually result in a disproportional loss of the
largest (and thus oldest) individuals. Consequently, a
juvenated, age-truncated spawning stock has been
suggested as a potential problem for long-lived fish
(Law 1991, Berkeley et al. 2004, Planque et al. 2010).

The concern about stock juvenation largely stems
from its potential impairment of recruitment success
(e.g. Ponomarenko 1973, Beamish et al. 2006). Espe-
cially for cod, there is a considerable literature, which
collectively indicates that the proportion of larger
(and thus older) fish present in a population may con-
tribute considerably toward determining the number
of eggs, larvae, and subsequently successful recruits.
Larger females tend to produce more eggs per gram
of body weight (Marteinsdottir & Thorarinsson 1998)
and also to produce eggs that have a wider range of
vertical distribution, thus causing broader horizontal
dispersion (Kjesbu et al. 1992). Further, the size of
cod eggs and larvae generally increases with mater-
nal size (Chambers & Waiwood 1996, Trippel et al.
1997), also increasing viability, as both field studies
(Meekan & Fortier 1996) and theory (Houde 198%)
suggest a tendency toward increased survival among
faster-growing larvae.

H4: recruitment per SSB decreases with
long-term reduction in SSB

While the Ricker model predicts that recruitment
per SSB is higher at low SSB because of reduced
intraspecific competition, we hypothesize that a
long-term reduction in SSB has the opposite effect.
Although this may seem counterintuitive, several
mechanisms could cause such an outcome. First, in
the ocean, it is common for prey fishes to eat the eggs
and larvae of the predators that prey on them. When
a dominant predator population declines due to an
external impact, such as fishing or climatic variation,
it is logical that its favoured prey, if not equally
impacted, should increase in abundance. Thus, an
observed reduction in SSB (of, e.g., cod) may have
resulted in a lessened predation pressure on fishes
that prey on cod eggs and larvae. This again should
cause increased predation on early life stages of
cod and thus decreased survival until recruitment
(prey to predator feedback loop; Bakun 2010). De-
pensatory effects can then delay or prevent stock
rebuilding (Walters & Kitchell 2001), resulting in a
prolonged period of reduced SSB.

Secondly, a long-term reduction in SSB may be
associated with loss of spatial and genetic structure
in the populations, for example through the loss of
geographically separated subunits of the stocks.
The eggs and larvae of such 'unstructured’' stocks
are likely to experience more uniform environmen-
tal conditions compared to the eggs and larvae from
more 'pristine’ stocks (Ciannelli et al. 2013, this vol-
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Table 1. Species, stock identification, location, number of data points where all necessary (population and temperature) data are
available, and results from linear non-stationary and stationary models (see ‘Materials and methods’, Eqgs. 2-5). Temp.: sign
(+ or —) of the temperature effect in Eq. (2) with corresponding statistical significance. Effect: form of temperature effect in
best model as evaluated by the corrected Akaike's information criterion (AIC) with corresponding statistical significance. Year:
sign and statistical significance of the year effectin Eq. (4). A year effect indicates a change in the intercept. Year.temp: sign and
statistical significance of the Temp x Year effect in Eq. (5). Significant year.temp effect indicates a temporal trend in the temper-
ature effect. dAIC: difference in AIC: between the best non-stationary linear and stationary model. Species: cod Gadus
morhua, haddock Melanogrammus aeglefinus, herring Clupea harengus, plaice Pleuronectes platessa, saithe Pollachius virens,
sole Solea solea, whiting Merlangius merlangus. *p < 0.05, **p < 0.01 (F-tests on nested models with and without variable)

Species and stock Location N Temp. Effect Year Yeartemp dAICc
Cod 3NO? Southern Grand Bank 49 + None —* +** -25.6
Cod 3Pn4RSP Northern Gulf of St. Lawrence 33 + None - + -1.0
Cod 4TVn® Southern Gulf of St. Lawrence 36 + None —** + -6.0
Cod 4X4 Western Scotian Shelf 28 - None —-* - -4.0
Cod 5Zjm*® Eastern Georges Bank 31 + None - 0.8
Cod Baltic 22-24 Western Baltic Sea 39 - Nonlinear** —** - -0.9
Cod Baltic 25-32 Baltic Sea proper 41 + None - +** -9.0
Cod Faroe Plateau Faroe Plateau 46 —** Linear** - - -1.6
Cod Iceland Icelandic waters 54 - Linear* - + -1.1
Cod North Sea North Sea 45 - Linear** + + 2.4
Cod Northeast Arctic Barents Sea 83 + None +* + -2.7
Cod VIa West of Scotland 29 - None - + -1.7
Cod VlIla Irish Sea 40 —** Linear** - - -1.8
Cod VIlek Western English Channel

and SW of Ireland 36 - Nonlinear +** + -11.8
Haddock Arctic Barents Sea 56 +** Linear** + + 1.9
Haddock Faroe Plateau Faroese waters 52 - None -* - -4.5
Haddock Iceland Icelandic waters 29 +** Nonlinear** + - 0.8
Haddock North Sea North Sea 46 - Nonlinear** -* -* -1.1
Haddock VIa West of Scotland 29 - None - - 1.1
Herring Baltic 25-32 Baltic Sea proper 34 +** Linear** - + 1.2
Herring Baltic 30 Bothnian Sea (Baltic) 35 +* Linear* +* - -3.5
Herring Baltic Riga Bay Riga Bay (Baltic) 31 +** Linear** - - 1.6
Herring North Sea North Sea 49 = Linear** + - -1.2
Herring Norweg. SS Norwegian and Barents Sea 86 +** Nonlinear** - - -1.6

(Norwegian spring-spawning)
Herring VIa West of Scotland 51 —** Nonlinear** - - 2.7
Plaice North Sea North Sea 51 —** Nonlinear** +** - 0.0
Plaice VIIa Irish Sea 42 ** Linear** - + -9.7
Plaice VIId Eastern English Channel 28 - Nonlinear* + + 5.7
Plaice Vlle Western English Channel 31 - Nonlinear** + + 2.7
Saithe Faroe Faroese waters 45 +* Linear* + - -0.7
Saithe Iceland Icelandic waters 34 + None - + 1.3
Saithe 3a46 North Sea and west of Scotland 39 + None —-* - -2.1
Saithe Northeast Arctic Barents Sea 46 +* Nonlinear* + + -0.6
Sole North Sea North Sea 51 None + + 1.9
Sole Vlila Irish Sea 35 + None - -* -10.0
Sole VIle Western English Channel 38 +** Nonlinear* + + 1.6
Sole VlIIfg Celtic Sea 36 + Linear - - 1.4
Whiting VIlek Western English Channel 26 - Linear + - 2.6

and SW of Ireland

aShelton et al. (2006), Power et al. (2010), K. Frank, BIO, Halifax, Canada, pers. comm.; PFréchet et al. (2009); “Swain et al.
(2007), K. Frank, BIO, Halifax, Canada, pers. comm.; ‘Brander (2005b), K. Frank, BIO, Halifax, Canada, pers. comm.;
°*Wang et al. (2009), K. Frank, BIO, Halifax, Canada, pers. comm.

ume). As a consequence of reduced opportunities
for 'bet-hedging’ (Hsieh et al. 2010), a stock in this
state may be hit harder during years with un-
favourable environmental conditions, with lower
egg and larval survival and subsequently reduced
recruitment. In contrast, stock state may be less

important in years with environmental conditions
favourable for high egg and larval survival, when
a sufficient number in any case survive through
these stages, and recruitment may be more limited
by compensatory density dependence in juvenile
survival.
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H5: recruitment per SSB changes with long-term
changes in temperature

Long-term change in temperature is here taken as a
proxy for a change in climate regime, with a potentially
different ecological effect than short-term fluctuations.
Ecosystem regime shifts (as briefly described under
H3 above) are often linked to climate but can also be
driven by anthropogenic forcing, such as heavy fish-
ing or pollution (Bakun 2004). Examples of shifts in
climate regime that have had pronounced ecological
impact on the study area of the present paper include
the warming of the northern North Atlantic Ocean
during the 1920s and 1930s (Drinkwater 2006) and the
ecosystem regime shift in the North Sea during 1982
to 1988, which are related to pronounced changes in
large-scale hydro-meteorological forcing (Beaugrand
2004).

Finally, for the stocks that displayed a statistically
significant temporal shift in recruitment dynamics
and an effect of temperature in at least one of the 2
periods, we examined how the strength of the tem-
perature effect changed between the periods. Specif-
ically, we explored how this change corresponded to
the changes in respective body mass-weighted mean
age of the spawning stock (MA) and SSB, as formu-
lated in Hypotheses H6 and H7.

H6: the temperature-recruitment relationship
strengthens with decreasing MA

Juvenation of the parent stock has caused concern
since this could potentially affect recruitment by mak-
ing it more susceptible to environmental fluctuations
(e.g. Ponomarenko 1973, Beamish et al. 2006). H6 was
examined for Northeast Arctic cod by Ottersen et al.
(2006). They found statistical substantiation for the cli-
mate-recruitment link strengthening with reduced
age of spawners and suggested this may be a more
general mechanism. The idea has been supported by
several recent reviews, e.g. Brander (2010), Hsieh et
al. (2010), and Planque et al. (2010). Here, we wish to
examine if there is general evidence for this sugges-
tion or if it is restricted to particular groups of fish, for
instance naturally long-lived stocks.

H7: the temperature-recruitment relationship
strengthens with decreasing SSB

It has been proposed that the relationship between
the environment (e.g. temperature) and recruitment

may be affected by the size of the parent stock.
For example, Brander (2005a) examined all cod
stocks on the European Shelf south of 62°N and
found that environmental variability (in this case the
North Atlantic Oscillation [NAO]) only has a note-
worthy effect on recruitment when the spawning
stock is low.

If we assume that a low SSB is connected with a
generally decreased stock size, one possible mecha-
nism is the decrease of density dependent regulation.
Density dependent processes are expected to stabi-
lise recruitment variations (e.g. Vincenzi et al. 2012).
Lighter density dependent control may hence lead to
stronger influence of density independent processes,
and a result of that may be an increased link between
recruitment and temperature.

Further, at low population size, a stock may lose
spatial and/or genetic diversity through selection of
certain population sub-units within metapopulations,
which may reduce the buffering capacity of the
population in response to environmental fluctuations
(Hsieh et al. 2010, Planque et al. 2010, Ciannelli et
al. 2013).

MATERIALS AND METHODS
Fish population data

For each of the fish stocks studied, the geographi-
cal area, the length of the period with available time
series for all of the SSB, number of recruits (R), and
MA are given in Table 1, while the actual years
covered for each stock are found in Table 2. The time
series of recruitment and SSB of the 38 stocks ana-
lysed are shown in Fig. 1. For 33 northeast Atlantic
stocks, the population data were extracted from the
latest reports made available by the relevant work-
ing groups at the International Council for the Explo-
ration of the Sea (ICES, www.ices.dk). For 5 North-
west Atlantic cod stocks, the population data were
extracted from the most recent available papers and
reports or through personal communication (for
references, see Table 1).

Fish population values were used as estimated
in previously published results, mainly from VPA
which is based upon commercial catch statistics;
recent years are typically tuned by scientific sur-
veys, often by means of extended survivor analysis
(XSA; Shepherd 1999). We are aware of potential
problems with the use of VPA, especially for re-
cruitment estimates. These problems include the
assumptions of constant natural mortality and
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Table 2. Characteristics of stocks with a statistically significant temporal shift in recruitment dynamics (see '‘Materials and
methods’, Eq. 6). Period: period from year of spawning to last year of data. Shift: if the best model (lowest corrected Akaike's in-
formation criterion [AIC(]) for the stock includes a threshold, separating the time-series into 2 periods, the first year of the
second 'regime’ is given. Asterisk indicates statistical significance of threshold. dInt: change in Intercept (In[R/SSB]) from
Regime 1 to Regime 2, with standard error in parentheses and statistical significance. R: no. of recruits; SSB: spawning stock
biomass. T1: coefficient for temperature effect in first regime with standard error and statistical significance (if term selected in
model with lowest AIC). T2: temperature effect in second regime. T1+2: common temperature effect for whole period (nl: non-
linear). dAICc: difference in AIC between best threshold and best stationary model. These values are directly comparable to

the corresponding values in Table 1 (for non-stationary linear models).

*p <0.05, **p<0.01

Species and stock Period Shift dInt T1 T2 T1+2 dAICc
Cod 3NO 1959-2007 1983**  -2.01 (0.27)** 0.42 (0.18)* -33.9
Cod 3Pn4RS 1974-2006 1984**  -1.03 (0.22)** -14
Cod 4TVn 1971-2006 1985**  -0.62 (0.16)** -9.2
Cod 4X 1980-2007 1995 -0.66 (0.24)* -2.9
Cod 5Zjm 1978-2008 1991 -1.5(0.48)** -4.9
Cod Baltic 22-24 1970-2008 nl** 1.1
Cod Baltic 25-32 1966-2006 1986** -0.8 (0.16)** -0.52 (0.24)* 0.26 (0.16) -17.9
Cod Faroe Plateau 1961-2006 1983~ -0.55 (0.17)** -1.05 (0.29)** -6
Cod Iceland 1955-2008 1986 -0.35(0.1)** -3.2
Cod North Sea 1963-2007 1984 -0.85 (0.35)* -0.71 (0.17%)** -1.6
Cod Northeast Arctic 1921-2003 1947** 0.58 (0.15)** 0.26 (0.16) -11.6
Cod VIa 1978-2006 1.6
Cod VIla 1968-2007 1992 -0.83 (0.33)* -0.89 (0.24)** -2
Cod VIlek 1971-2006 1982** 1.55 )** -2.76 (0.95)** -0.81(0.32)* -9.7
Haddock arctic 1950-2005 1970 -0.24 ) 1.23 (0.33)** -1.6
Haddock Faroe Plateau 1957-2008 1977* -0.95 (0.26)** -8.3
Haddock Iceland 1979-2007 nl* 0.9
Haddock North Sea 1963-2008 nl** 2.2
Haddock Vla 1978-2006 0.7
Herring Baltic 25-32 1974-2007 1985 -0.58 (0.18)** 0.18 (0.08)* -5.2
Herring Baltic 30 1973-2007 1984 0.92 (0.31)** 0.6 (0.18)** -4.4
Herring Baltic Riga Bay 1977-2007 0.55 (0.13)** 2.3
Herring North Sea 1960-2008 1980* 0.55 (0.15)** -0.73 (0.14)** -8
Herring Norweg. SS 1921-2006 1951 -0.99 (0.31)** 0.77 (0.25)** -5.8
Herring VIa 1957-2007 nl** 1
Plaice North Sea 1957-2007 1972~ 0.59 (0.14)** -0.38 (0.12)**  -3.7
Plaice VIla 1964-2005 1988**  -0.57 (0.08)** -22.7
Plaice VIId 1980-2007 nl* 3.8
Plaice VIle 1976-2006 1994 6 (0.25)* -0.96 (0.25)** -0.8
Saithe Faroe 1961-2005 1980 0. 44 (0.19)* 0.59 (0.27)* -0.8
Saithe Iceland 1974-2007 1987 -0.51 (0.19)* 0.59 (0.33) -2.4
Saithe 3a46 1967-2005 1984 -0.61 (0.23)* 0.74 (0.36)* -1.1
Saithe Northeast Arctic  1960-2005 1988* 0.6 (0.14)** -8.8
Sole North Sea 1957-2007 1
Sole VIla 1970-2004 1990** -1.18 (0.3)** 0.85 (0.36)* -12.9
Sole Vlle 1969-2006 nl* 2.1
Sole VIIfg 1971-2006 0.25 (0.13) 2.6
Whiting VIlek 1982-2007 1990 0.59 (0.27)* -0.81 (0.27)** -0.2

catchability over time and the effects of aging
errors. However, the quality of the data used in
the present paper is the best available for the
stocks studied and the relatively long period cov-
ered and, since the North Atlantic is a data-rich
area, is likely better than for stocks from most
other areas.

MA was calculated for each stock and year sepa-
rately as the spawner biomass-weighted average
across all age classes:

a=amgax

z a Ma,t Na,t Wa,t
MA, = Zimo

a@=dmax
2 Ma,t Na,t Wa,t

a=amn

where an;, and ap,x are the ages of the youngest and
the oldest of the spawners in year ¢, respectively, and
M, N,, and W, are the proportion of mature fish,
the number of fish, and the mean weight of fish,
respectively, at age a and time ¢.
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Time series of MA for each of the stocks are pre-
sented in the form of 15 yr moving averages centred

on the mean year. The averaging was done to smooth
over the variation caused by the influence of particu-
larly strong cohorts. This is for visualisation purposes
only; the smoothed values were not used in any cal-

culations.
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Fig. 1. Recruitment (In[R], grey lines) and
spawning stock biomass (In[SSB], black lines)
time series for each stock. Note: y-axis scales

differ among series

Temperature data

We compiled area-specific sea temperature data
series (T) based on several sources, according to
availability. For the 4 Barents Sea stocks (cod, had-
dock Melanogrammus aeglefinus, herring Clupea

harengus, and saithe Pollachius virens; Table 1),

7.5

6.5

Spawning stock biomass (In(tonnes))
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temperature data were obtained from the Kola meri-
dian transect (33°30'E, 70°30' to 72°30'N). The
monthly values made available to us were calculated
by averaging temperatures horizontally along the
transect and vertically from 0 to 200 m water depth
(Bochkov 1982, Tereshchenko 1996), with recent
data kindly made available by PINRO, Murmansk
(www.pinro.ru). Yearly winter values were calcu-
lated by averaging over the months of December to
March as in Ottersen et al. (2006).

For each of the remaining NE Atlantic stocks, time
series of sea surface temperature (SST) were aver-
aged annually and over the statistical areas defined
by ICES to correspond to the distribution area of the
respective stock. Data were extracted from the ex-
tended reconstructed SST (NOAA_ERSST_V3) data
set based on the International Comprehensive Ocean-
Atmosphere Data Set (ICOADS) SST data and pro-
vided by the NOAA/OAR/ESRL PSD, Boulder, CO,
USA, at www.esrl.noaa.gov/psd/data/gridded/data.
coads.2deg.html (accessed 12 August 2011). These
data are available from 1880 to 2009 with 2° x 2° grid
resolution.

For NW Atlantic cod stocks, temperature values
were allocated as follows:

e 3NO: ICOADS SST values (i.e. source as above)

¢ 3Pn4RS and 4TVn: annual temperature averages
at 150 m depth for the Gulf of St. Lawrence from
www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-
pmza/climat/stlawrence/depth-profondeur-eng.htm
(Galbraith et al. 2009)

e 4X and 5Zjn: annual averages of monthly SST
values from www.meds-sdmm.dfo-mpo.gc.ca/isdm-
gdsi/azmp-pmza/climat/sst-tsm/costal-cotieres-eng.
asp?id=Halifax (missing values replaced by the long-
term monthly mean for 1926 to 2009 before averaging).

Statistical analyses
Stability of temperature-recruitment correlations

As an initial, visual inspection of how the strength
of temperature-recruitment correlations changed
with time, we conducted a moving-windows correla-
tion analysis applying a 15 yr time window. That is,
we sliced the time-range into overlapping time-slots
of 15 yr and for each time-slot computed the correla-
tion between the temperature in the spawning year
and the natural logarithm of the number of recruits
lagged so that the year corresponds to the spawning
year. The resulting series of correlation coefficients
were plotted against the mid-year of the time-slots.

As for MA, the averaging was done for visualisation
purposes only; the smoothed values were not used in
any calculations.

Recruitment models

We then fitted statistical recruitment models to
each time series. We first considered stationary
models with no effect of temperature, a linear effect
of temperature, or a nonlinear effect of temperature
on recruitment success. The nonlinear model was
included because a nonlinear effect of temperature
could hypothetically lead to apparent non-stationarity
in the linear effect if the mean temperature changed
over time. We then considered non-stationary model
formulations, in which the recruitment success or the
effect of temperature changed over time, either grad-
ually (linearly) or stepwise. The different models were
compared in a uniform approach, using Akaike's
information criterion (Akaike 1974) corrected for
small sample size (AIC; Hurvich & Tsai 1989) as the
model selection criterion.

Baseline recruitment model

The recruitment dynamics were analysed using
regression models with the natural logarithm of the
ratio between the number of recruits (R, and
spawning stock biomass (SSB,) as the response vari-
able. The subscript a is the recruitment age (which
varied among stocks), such that R;,, represents the
recruitment back-lagged to the spawning vyear.
According to the Ricker model (Ricker 1954), this log-
ratio is a linear function of SSB;

In(R,.,/ SSB) = a + bSSB, + ¢ 1)

This linear regression formulation of the Ricker
model was fitted by maximum likelihood methods
assuming normally distributed errors (g).

As a simple test of the suitability of applying Ricker-
type models, we examined plots of In(Ry, ,/SSB,) against
SSB (Appendix 1). A linear relationship, as implied
by Eq. (1), seemed to fit the data relatively well; there
were no obvious systematic deviations that might,
for example, have indicated Allee effects (dispropor-
tionally low recruitment success at very low SSB).
Additional modelling, analysing log-recruitment as a
smooth function of SSB, showed that the main results
reported in the present paper were not strongly sen-
sitive to the choice of a particular stock-recruitment
model (results not shown).
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Linear temperature-effect model

To introduce temperature effects on the stock-
recruitment relationship and thus allow for explo-
ration of H1, we extended Ricker's model (Eq. 1) by
separating the density-independent effect into a
global intercept and a linear temperature-dependent
effect (T;, scaled to zero mean) on pre-recruit sur-
vival:

In(R,./ SSB) =a + bSSB, + cT, + & 2)

Note that if SSB, scales with the egg production,
In(R;,,/SSB,) is a linear function of the instantaneous
pre-recruit survival rate (i.e. 1 — M in N; = Nye ™,
where N, is cohort size at time t). Linear terms in the
right-hand side of the equation therefore represent
linear effects on survival rate.

Nonlinear temperature effects

To explore if temperature had nonlinear effects on
pre-recruit survival, we compared Model 2 to a
model with a smooth temperature effect:

In(R,.,/ SSB) = a + bSSB, + f(T)) + & (3)

Here, f(T;) is a natural cubic spline function with
maximally 2 degrees of freedom (3 knots). Model 3 is
a generalized additive model (GAM) and was fitted
by maximum-likelihood methods using the mgcv
package (Wood 2006) in the R program development
environment (R Development Core Team 2010). The
AICc values of Models 1, 2 and 3 were compared,
and the model formulation that provided the lowest
AICc value was selected as the most parsimonious
stationary model.

Non-stationarity in recruitment dynamics: testing for
gradual changes

To examine if the relationship between spawning
stock biomass, recruitment, and temperature changed
over time (i.e. that the recruitment model was non-
stationary, H2), we first considered 2 linear exten-
sions of Model 2:

In(R;,4/ SSBy) =a + bSSB; + cT; + dyr; + & 4)
In(Ri;o/ SSBy) =a + bSSB; + cT; + dyr; + eyr; T; + & (5)

With Model 4, we tested for a linear effect of year
(yr), that is, for a trend in the intercept; with Model 5
we tested for an interaction effect between year and
temperature, that is, for a trend in the effect of tem-

perature. When searching for the most parsimonious
non-stationary linear model, we also calculated the
AICc: of a reduced version of Model 4, with the
temperature term omitted.

Stepwise shifts in recruitment dynamics

The subsequent analysis focused on non-stationary
models testing for a stepwise change in the recruit-
ment dynamics. That is, instead of assuming linear
changes in the intercept or temperature effect as in
Models 4 and 5, the intercept and potentially the
coefficient for the temperature effect were assumed
to change abruptly at some time-point for each stock.

When a statistically significant shift in recruitment
dynamics was detected, we followed up by assessing
which other variables changed for that stock, to
evaluate the hypotheses H3 to H7.

We considered the following threshold models:

In(R,,, / SSB) =
aoIA’t + a1IB,t + l)SS]BlL + 8[ (6(:1)

In(R,,,/ SSB) =
aolA’t+ a1IB,t+ bSSBt‘F CTt+ &t (Gb)

].n(Rt+a / SSBt) =
aoIA’t + aJB,t + bSSBt + COTtIA,t + & (6C)

In(Ry,,/ SSBy =
aplas+ aylg;+ bSSB+ ¢ Tylp, + & (6d)

In(R,,, / SSB,) =
aolA,[ + alIBlt +b SSB[ + COTtIA,[ + Cq TZIB,t + & (6e)

Here, I, and Iy are indicator variables separating
the time-series into 2 periods, A and B, with I,;=1
and Ig; = 0 for Period A, while I, ;=0 and Iz, =1 for
Period B. For any given threshold year separating
Period A from Period B, Models 6a to 6e are linear
and were estimated by maximum-likelihood meth-
ods assuming normally distributed errors. The opti-
mal threshold year for any given stock and model
formulation was found by comparing the AIC: of
alternative threshold years and selecting the thresh-
old providing the lowest AIC.

Model 6a (Eq. 6a) modifies the Ricker model (Eq. 1)
in that the intercept is different between 2 time peri-
ods. Model 6b is similar to Model 6a but includes a
temperature effect. In Model 6¢, temperature only
has an effect in the first period (Period A), and in
Model 6d, only in the second period (Period B). In
Model 6e, temperature has an effect in both periods,
but the strength (and possibly sign) of the tempera-
ture effect differs between the periods. Note that
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Model 6e is the most general model and that Models
1, 2 and 6a to 6e can be seen as special cases (with a,
=ay, Cg = Cy, Co = 0 and/or ¢; = 0). The optimal thresh-
old model formulation was found by comparing the
AICc of Models 6a to 6e.

If the AICc of the best threshold model (Models 6a
to 6e) was lower than that of the best stationary
model (Models 1 to 3), we then went on to calculate
the statistical significance of the threshold. The sta-
tistical significance of the threshold was calculated
for the full model (Eq. 6e) using a permutation test as
described by Liu et al. (2011). To calculate the AICc
of threshold models, the threshold value was arbi-
trarily counted as 1 parameter.

Testing hypotheses for temporal shifts in
recruitment dynamics

For each of the stocks with an identified shift in
recruitment dynamics, we calculated the change
from Period A to B in the intercept and in the effect
of temperature on recruitment success. To evaluate
the hypotheses relating to the temporal shifts in re-
cruitment dynamics, we conducted statistical tests
regarding whether these changes were associated
with changes in MA, SSB, and temperature, tested
individually (Table 3). Specifically, we fitted linear
regression models with stock as the sampling unit,
the change in the intercept or the change in temper-
ature effect as the response variable, and the change
in MA, SSB, and temperature as predictor variables.

Table 3. Test of hypotheses exploring if a shift in recruitment

dynamics (non-stationarity) is explainable through changes

in mean age in the spawning stock (MA), spawning stock

biomass (SSB) or temperature. Change in intercept: a; — ag

in Eq. (6). Change in temperature effect: change in the esti-

mated effect of temperature on recruitment success, c; — ¢g
in Eq. (6)

Hypothesis Prediction

H3 Change in intercept correlates positively to
the concurrent change in MA

H4 Change in intercept correlates positively to
the concurrent change in SSB

Hb5 Change in intercept correlates to the
concurrent change in mean temperature

H6 Change in absolute value of temperature
effect correlates negatively to the
concurrent change in MA

H7 Change in absolute value of temperature
effect correlates negatively to the
concurrent change in SSB

RESULTS
Efifect of temperature on recruitment success (H1)

To address the impact of temperature on the stock-
recruitment relationship, (1) linear temperature terms
were added to simple Ricker models of the relation-
ship between recruitment success (In[R/SSB]) and
SSB. Of the 38 stocks, 18 showed temperature effects
statistically significant at the 5% level, with 9 nega-
tive and 9 positive (Table 1). (2) GAMs were used.
Adding possibly nonlinear (smooth) terms of temper-
ature to the Ricker models within the GAM frame-
work led to the identification of statistically signifi-
cant temperature effects for an additional 3 stocks
(Table 1).

The most interesting result at the species level is
for herring. All 6 herring stocks displayed sig-
nificant temperature effects. The cold-water stocks
(Norwegian spring-spawning and the 3 from the
Baltic) showed a positive response to higher tem-
peratures, while the North Sea and West of Scot-
land stocks responded negatively (Table 1). Note
that none of the 5 NW Atlantic cod stocks studied
displayed a statistically significant temperature
effect.

Temporal development of temperature-recruitment
correlations (H2)

For each stock, the temporal development of the
temperature-recruitment correlations was inspected
by calculating moving 15 yr window correlations.
The correlations between temperature and recruit-
ment have for many stocks changed considerably
over time (Fig. 2). For example, for the populations of
cod, herring, haddock and saithe in the Barents Sea
region, there were increasingly strong positive corre-
lations from around the 1960s onwards, which weak-
ened in the 1990s to 2000s. In contrast, in the North
Sea there is a pattern of increasingly negative corre-
lations for several stocks.

Temporal development of MA and possible link to
temperature-recruitment correlations (background
for H3 and H6)

No general pattern was found. For some stocks,
notably the Northeast Arctic and Icelandic cod,
plaice Pleuronectes platessa in the North Sea, and
sole Solea solea in the North Sea, Celtic Sea
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(VIIfg), and Western English Channel (VIIe), there
was a clear decrease in MA (Fig. 2). In contrast,
other stocks showed very little change in MA, e.g.
Icelandic saithe, Faeroe Plateau and Baltic cod,
and herring in the Baltic and Gulf of Riga. Further,
some stocks displayed an increase in MA, either
over the full period (Southern Grand Banks [3NO]

lation). Dashed line: zero correlation. R: recruits

cod) or the recent decades (Norwegian spring-
spawning, North Sea, and West of Scotland her-
ring; Fig. 2).

Further, for some stocks, such as the Northeast
Arctic cod, the Norwegian spring-spawning herring,
and the Northeast Arctic saithe, a general reduction
in MA was accompanied by an increase in the tem-
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perature-recruitment correlation. The pattern is far
from universal, however. For example, reduced MA
did not coincide with increased temperature-recruit-
ment correlations of the Arctic haddock or the Faroe
Islands cod stocks (Fig. 2).

Detecting temporal shifts in
recruitment dynamics (H2)

When comparing stationary (Eqgs. 1-3) and non-
stationary linear (Egs. 4 & 5) models of recruitment
dynamics, we found that 14 stocks showed statisti-
cally significant (p < 0.05) linear changes in the
intercept over time, and 4 stocks statistically signifi-
cant linear changes in the effect of temperature
(Table 1). These stocks largely coincided with the
13 stocks showing statistically significant stepwise
changes (Eq. 6), as confirmed by a statistically sig-
nificant (p < 0.05) threshold in recruitment dynamics
(Table 2). For an additional 14 stocks, threshold
models provided lower (approximate) AICc com-
pared to the best linear or nonlinear stationary mod-
els (Egs. 1-3), but the threshold was not statistically
significant. For 12 of the 13 stocks with a statistically
significant threshold, the AICc was also lower for
the threshold models (Table 2) compared to the
non-stationary linear models (Table 1). Note that
these p-values do not account for multiple testing
and that we expect that ~2 stocks would show
statistically significant results at p < 0.05 just by
chance. If we use a more conservative critical value
of 0.01, we expect that ~0.4 stocks would show sta-
tistically significant results just by chance. Eight
stocks showed shifts in recruitment dynamics that
were statistically significant at p < 0.01 (Table 2).
Among the 13 stocks with a significant threshold
(p < 0.05), all showed significant changes in the
intercept; 5 of these also showed changes in the
effect of temperature.

Examining possible causes of temporal shifts in
recruitment dynamics (H3, H4, and H5)

All further analyses focused on the 13 stocks
with a temporal (threshold) shift in recruitment
dynamics (as shown in Fig. 3 and Table 2). Fig. 4
shows the change from the first to the second
period in the intercept for each stock in response
to the change in SSB, MA, and temperature. We
see a clear positive effect of SSB and a negative
effect of MA (both p < 0.01 when added into 1

regression model) that together explain 77 % of the
variation among stocks. Stocks that declined in
SSB from the first to the second period produced
less recruits after the shift than expected from a
Ricker model fitted to the whole time series, while
stocks that increased in SSB showed an increase
in recruitment success. To further investigate the
possible causal relationship between the changes
in recruitment success and SSB, we tested what
changed first. By fitting threshold models for a
stepwise change in SSB over time for each of the
13 stocks, we found that the change in recruitment
success generally preceded the change in spawn-
ing stock biomass. Specifically, for 10 stocks, the
major change in SSB occurred 5 to 21 yr after
the estimated shifts in recruitment dynamics. The
changes in recruitment success were not statisti-
cally significantly linked to concurrent changes in
sea temperature (Fig. 4).

Examining the temperature-recruitment
relationship (H6 and H7)

The next step was to explore how the strength of
the temperature effect changed between the peri-
ods for the 8 stocks with a temporal shift in re-
cruitment dynamics and a statistically significant
effect of temperature in at least 1 of the 2 periods
(Table 2, Fig. 3). Specifically, we explored how this
change corresponded to the changes in SSB and
MA. We a priori predicted that lower SSB and
lower MA would lead to stronger recruitment-
temperature correlation (in terms of the absolute
value). However, the changes in the strength of
the temperature effect were not statistically signifi-
cantly linked to either the changes in SSB or MA
(Fig. 5). The results did not change qualitatively
if we included in the analysis stocks with weaker
statistical support for the threshold dynamics
(lower AIC. than stationary models but non-
significant threshold; points outlined in grey in
Figs. 4 & 5).

DISCUSSION

The discussion of our results in the context of ear-
lier related work is focused around and structured
according to the hypotheses formulated in the ‘Intro-
duction'.
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The stock-recruitment relationship is enhanced by
including a temperature term (H1)

Our results support earlier work in that tempera-
ture is an important factor for some of the stocks and
provide suggestive evidence for several general pat-
terns (Table 1). For instance, the effect of tempera-
ture on recruitment was positive for cold-water her-
ring stocks and negative for stocks in the more
temperate southern areas. It is likely no coincidence
that we found a temperature signal for this species as
small pelagic fish, like herring, are well-known to re-
spond to climate fluctuations (Checkley et al. 2009).

That the sign of the relationship can vary between
stocks of the same species is also as expected, and it
is intuitively sensible that populations that inhabit
the coldest water within a species’ temperature
range tend to show increasing recruitment with in-
creasing temperatures, whereas those inhabiting the
warmest waters show decreasing recruitment with
increasing temperatures. This pattern has earlier
been shown to apply to the main Atlantic cod stocks
(Planque & Fredou 1999) but to our knowledge not
for herring.

For plaice, only 4 stocks from around the British
Isles were analysed. For all of these stocks, located
towards the centre of the overall distribution range of
plaice, a tendency toward recruitment being favoured
by lower temperatures was found. (Table 1). This is
consistent with what has earlier been documented by
Fox et al. (2000), who further pointed to temperature
during the first months of the year being of particular
importance by affecting predation pressure on the
planktonic stages of plaice and subsequently their
recruitment. There are unfortunately not sufficient
data to examine the temperature effects on the pop-
ulations of this species with a more southern distri-
bution (e.g. Bay of Biscay and around the Iberian
peninsula).

Our results for cod were less clear (Table 1). A neg-
ative temperature effect was, as expected from the
above, found for the North Sea and Irish Sea stocks.
However, no statistically significant effect was found
for any of the Northwest Atlantic stocks. This may
partly be explained by these time series being rela-
tively short, but there may have been other changes
in these stocks which overshadow the temperature
impact and which we are not able to capture. It is
more surprising that no statistically significant effect
was detected for the Barents Sea cod. Several earlier
papers have pointed to temperature being a particu-
larly important driver for the recruitment to this most
northerly cod stock (e.g. Seetersdal & Loeng 1987,

Ottersen & Stenseth 2001), and Myers (1998) singled
out this as one of the few stocks where the tempera-
ture-recruitment relationship was stable over time.
Nevertheless, Fig. 2 shows clearly, as was demon-
strated by Ottersen (2008), that the correlation is non-
stationary, negative in some periods, positive in oth-
ers, and with an increasing trend from around 1940
to 1990 followed by a distinct drop-off. This was
supported by our statistical analysis, showing a sig-
nificant shift in recruitment dynamics around 1947,
with higher recruitment from 1947 onward compared
to 1921 to 1946. Further recruitment was positively
(although not statistically significantly) related to
temperature only from 1947 onward.

To sum up, of the 21 stocks for which adding a
smooth temperature term statistically significantly
improved the Ricker model, linear temperature
effects were favoured in terms of AICc for 11 stocks
and nonlinear effects for 10 stocks (Table 1). The
frequent occurrence of non-linearity is of importance
since many studies, including earlier work by the
present first author, examined linear or possibly
log-linear environment-relationships only, typically
through correlation or linear regression (Loeng et al.
1995, Ottersen et al. 2002). Moreover, such nonlinear
effects can lead to changes in the linear relationship
between temperature and recruitment.

The relationship between recruitment, spawning
stock biomass, and temperature is not constant
over time (H2)

As expected, but now further documented by sys-
tematic analyses, H2 is valid. The most frequent
change in the non-stationary linear models was, for
14 stocks, in the intercept in recruitment success,
suggesting a change in pre-recruit mortality over
time. Furthermore, a statistically significant thresh-
old in recruitment dynamics (Eq. 6) was found for 13
stocks; for an additional 14 stocks (making 27 of the
total of 38 stocks), threshold models performed better
than the best linear or nonlinear stationary models
(Egs. 1-3) in terms of AIC, but the threshold was not
statistically significant. The good performance of
threshold models, while not providing evidence for
ecological regime shifts, does suggest that abrupt
changes frequently take place. While no overall geo-
graphic pattern was found, some neighbouring
stocks showed similar patterns. Most noteworthy is
the statistically significant shift in 3 NW Atlantic
cod stocks in 1983 to 1985, in all cases with a clear
threshold (Table 2).
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Changes in the relationship between temperature
and recruitment were shown by the moving-window
correlations (Fig. 2) and quantified by the non-
stationary modelling. These analyses revealed signif-
icant linear changes in the effect of temperature for
only 4 stocks (Table 1) and stepwise changes for
8 stocks (Table 2). In most cases with a change in
recruitment dynamics, the best model had a common
temperature effect for the whole period (Tables 1 & 2).

There are several reasons why the temperature-
recruitment links examined might change over time.
First, temperature effects may for some stocks be
marginal compared to those of other environmental
factors. We were, for instance, unable to detect a sta-
tistically significant temperature-recruitment rela-
tionship for cod in the Baltic Sea for the whole period
studied (Table 1). For this brackish sea, there is sub-
stantial literature indicating that reproduction of cod
is heavily dependent on the right salinity and oxygen
conditions (e.g. Koster et al. 2005, Hinrichsen et al.
2011). If the correlation between salinity, oxygen,
and temperature changes over time, this could then
lead to a changed temperature-recruitment relation-
ship. In our study, we found that temperature con-
tributed to predict cod recruitment in the Baltic Sea
proper prior to 1987, while from 1987 onward, the
recruitment was drastically reduced and unlinked to
temperature. This shift coincided with large-scale
changes in both abiotic and biotic conditions in the
Baltic Sea between 1988 and 1993, including reduc-
tions in salinity and oxygen and increased abun-
dance of sprat Sprattus sprattus, predators on cod
eggs (Mollmann et al. 2009).

Second, the effect of temperature may depend on
ecosystem state. Temperature may affect fish stocks
through complex pathways in the foodweb, where
several direct and indirect mechanisms come into
play. The importance to recruitment of the different
mechanisms may change over time, as a mortality
factor operating at an early life stage may or may not
be overshadowed by mortality factors operating at
later life stages. Mueter et al. (2007) emphasized that
recruitment can be affected by predation; therefore,
‘environmental’ effects on productivity include changes
in abundance of important predators, regardless of
whether these were caused by environmental vari-
ability, fishing, or other factors. For instance, Stige et
al. (2013, this volume) found changing relevance of
different environmental factors (including sea tem-
perature and abundance of cod age 3 to 6 yr) for pre-
dicting recruitment of the Northeast Arctic cod and
the Northeast Arctic haddock in the Barents Sea. Fur-
ther, variability in cannibalism (e.g. driven by changes

in the availability of preferred prey, which again may
be connected to temperature) may affect natural
mortality of juveniles. Consequently, the net effect of
temperature changes may be different, even oppo-
site, according to the status of main prey, competitor,
or predator populations. This has recently been
examined in several Northeast Atlantic ecosystems,
notably the Baltic (Cardinale et al. 2009, Lindegren et
al. 2010), the Barents Sea (Svendsen et al. 2007, Stige
et al. 2010), and the North Sea (Kempf et al. 2010).

Third, the effects of large-scale climate dynamics,
as represented by e.g. the NAO, on fish recruitment
may change at multi-decadal time scales for at least 3
different reasons (Stige et al. 2006): (1) Changes in
demographic factors may affect the sensitivity of cod
recruitment to climate fluctuations. (2) Changes may
be related to long-term alterations in how the biotic
or abiotic environment affects the way interannual
variability in a given environmental factor affects cod
recruitment. (3) The effect of NAO fluctuations on
local environmental variables may change with time.
This again implies that the lack of persistency of
environment-recruitment correlations (Drinkwater
& Myers 1987, Myers 1998) may reflect true bio-
logical or physical changes, rather than being mere
statistical artefacts.

However, there is indeed a risk of such statistical
artefacts. The breakdown of a correlation or explana-
tory power of a model may be a consequence of fail-
ure to capture the essential explanatory variables.
This is not unlikely, as the statistical modelling is
complicated by the explanatory variables not being
statistically independent, the uncertainty in the data,
and the limited number of years for which data are
available for any given stock.

In the following, relating to stocks that were found
to display a statistically significant temporal shift in
recruitment dynamics, we discuss possible causes for
these shifts, formulated as hypotheses H3, H4, and H5.

Recruitment per SSB decreases
with decreasing MA (H3)

The concept that juvenation of the spawning stock
is unfavourable is well established (Ponomarenko
1973, Berkeley et al. 2004, Planque et al. 2010), and
there exists substantial support for this being biolog-
ically plausible (Kjesbu et al. 1996, Marteinsdottir &
Thorarinsson 1998). Contrary to this, our results do
not support H3 but indicate reduction in recruitment
success from Period 1 to 2 for stocks with an increase
in MA, and vice-versa (Fig. 4).
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The result above is weakened by a marked reduc-
tion in MA being the case only for a minority of the
stocks studied (Fig. 2); only a few showed a decrease
of the MA of >1 yr of age from Period 1 to 2 (Fig. 4).
This could also partly be due to most of the time
series being rather short and hence to the fact that
fisheries-induced juvenation is likely to have already
occurred prior to the beginning of our time series.

It is hard to give a biologically sound explanation
for our results. However, the number of populations
and species for which the validity of H3 has actually
been studied is fairly limited, and the results are
mixed. Morgan et al. (2007) explored the effect of age
composition on recruitment in 3 Atlantic cod popula-
tions and 1 of American plaice Hippoglossoides
platessoides. No consistent relationship between age
composition of the spawning stock and recruitment
was found, and they concluded that further research
is needed to explore how common the effect of age
composition on recruitment actually is (Morgan et al.
2007). Similarly, Ottersen (2008) found no clear link
between age structure and recruitment for the
Northeast Arctic cod stock, despite a clear reduction
in MA with time. It was suggested that strong recruit-
ment compensation, i.e. increased juvenile survival
rate due to reduced pre-recruitment competition,
may be the reason for this stock seemingly being
quite robust regarding spawner juvenation (Ottersen
2008). Actually, this stock, with its pronounced re-
duction in MA, is an outlier in our analysis and con-
tributes in particular to the negative relationship be-
tween MA and change in recruitment success (Fig. 4).

Until recently, H3 had not been examined across
stocks. Brunel (2010) investigated how common such
effects are by applying meta-analysis to 39 NE
Atlantic fish stocks. He tested relationships between
age structure (spawner mean age, age diversity, and
proportion of recruit spawners) and recruitment.
Although statistically significant effects were found
for some stocks, and indeed for some species overall,
meta-analyses combining the stock-level tests re-
vealed that none of the effects were statistically
significant across all stocks. Thus, neither Brunel
(2010) nor we find convincing support for H3 being
generally applicable.

Recruitment per SSB decreases with
long-term reduction in SSB (H4)

Our results seem to give support for H4. Stocks that
declined in SSB from the first to the second period
produced less recruits after the shift than expected

from a Ricker model fitted to the whole time series,
while stocks that increased in SSB showed an
increase in recruitment (Fig. 4). This may suggest
that long-term changes in SSB were associated with
changes in pre-recruit mortality.

However, additional analysis showed that the
change in pre-recruit survival generally preceded
the change in stock size, suggesting that the low
stock size was a result of the high mortality rather
than the opposite. Consequently, the 2 mechanisms
suggested in the ‘Introduction’ (prey to predator
feedback loop and loss of spatial and genetic struc-
ture) do not seem to be the underlying cause of the
findings. Instead, these results suggest that long-
term changes in stock size often are driven by long-
term changes in pre-recruit mortality. The literature
suggests numerous biotic and abiotic factors that
potentially may cause such long-term changes in
pre-recruit mortality (see Houde 2008 and references
therein).

Recruitment per SSB changes with
long-term changes in temperature (H5)

Our results did not show support for H5 (Fig. 4).
This is somewhat unexpected and seems to con-
tradict earlier work by e.g. Mueter et al. (2007),
who pointed out that climate may induce persistent
change in recruitment dynamics. Our results, in
contrast, indicate that climate generally is not the
main driver behind the long-term (as opposed to
inter-annual) changes in juvenile survival or that
the temperature measurements fail to capture the
key climate changes. Either alternative is possible;
in most ecosystems there has been high fishing
pressure, which, probably in combination with cli-
mate drivers, has caused major changes in fish
stock abundance (Planque et al. 2010), both for the
species analysed and their predators and prey.
Further, temperature effects may for some stocks
be marginal compared to those of other environ-
mental factors, such as food availability or preda-
tion pressure, which may or may not be linked to
temperature.

The following relates to stocks that were found to
display a statistically significant temporal shift in
recruitment dynamics and an effect of temperature
in at least 1 of the 2 periods. We discuss how the
strength of the temperature effect changed between
the periods and how this change corresponded to the
changes in MA and SSB, respectively, as formulated
in hypotheses H6 and H7.
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The temperature-recruitment relationship
strengthens with decreasing MA (H6)

It has been suggested that recruitment to a fish
stock is more susceptible to environmental fluctua-
tions when the spawning stock age composition has
been skewed toward younger ages, i.e. H6. How-
ever, in our multi-stock analysis, the changes in the
strength of the temperature effect did not scale statis-
tically significantly with the changes in body mass-
weighted mean age of spawners (Fig. 5). This is com-
parable to the only other study we are aware of that
deals with more than 1 or a few stocks (Brunel 2010).
Brunel (2010), in his meta-analysis of 39 NE Atlantic
fish stocks, also tested relationships between age
structure (body mass weighted spawner mean age,
age diversity, and proportion of recruit spawners)
and recruitment sensitivity to temperature. Meta-
analyses combining the stock-level tests revealed
that the spawner mean-age influence on recruitment
sensitivity to temperature was not statistically signif-
icant across all stocks.

The temperature-recruitment relationship
strengthens with decreasing SSB (H7)

In our analyses, the changes in strength of the tem-
perature effect on recruitment success did not show
any statistically significant link to changes in SSB
(Fig. 5). This is in concordance with the results of
Stige et al. (2006), who studied 22 cod stocks and did
not find strong evidence for density dependent cli-
mate effects, i.e. for an interaction between the cli-
mate (as represented by the NAO) effect and cod
SSB. In contrast, in a study of the 6 main cod stocks
in European waters south of 62°N, Brander (2005a)
concluded that the NAO only has a notable effect on
recruitment when the SSB is low.

CONCLUSIONS

The relationship between recruitment, spawning
stock biomass, and temperature varied over time.
The most frequent alteration in the non-stationary
linear models was, for 14 stocks, in the intercept in
recruitment success, suggesting a change in pre-
recruit mortality over time.

Changes in pre-recruit mortality were associated
with long-term changes in spawning stock biomass.
However, the change in pre-recruit survival gener-
ally preceded the change in stock size, suggesting

that long-term changes in stock size often are driven
by long-term changes in pre-recruit mortality.

A statistically significant threshold in recruitment
dynamics was found for 13 stocks; for an additional
14 stocks, threshold models performed better than
the best linear or nonlinear stationary models, but the
threshold was not statistically significant. The good
performance of the threshold models, while not pro-
viding evidence for ecological regime shifts, does
suggest that abrupt changes are common.

For half of the stocks, the temperature effect was
statistically significant when added to the model of
the relationship between recruitment success and
spawning stock biomass. This includes all the 6 her-
ring stocks studied, with a positive effect for cold-
water stocks and negative for stocks in the more
temperate southern areas. For plaice, only 4 stocks
from around the British Isles were analysed. For all of
these stocks, located towards the centre of the overall
distribution range of plaice, a tendency toward
recruitment being favoured by lower temperatures
was found.
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Fig. A1l. Recruitment success as a function of spawning stock biomass (SSB) for 38 North Atlantic fish stocks. Recruitment suc-
cess is measured as the natural logarithm of the fraction of the number of recruits (R, 1000s) on SSB (t). According to Ricker's
spawner-recruit model (Ricker 1954), this log-fraction declines as a linear function of SSB, where stronger negative
slope means stronger compensatory density dependence
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ABSTRACT: In marine populations, spatial structure arises over a wide range of scales and forms
hierarchical aggregations. Changing spatial structure can alter the demographic and life history
trait variation within populations and subject individuals to both novel environmental conditions
and interspecific interactions. Thus, changes in the spatial structure of marine populations can be
a prelude to further changes in abundance and can affect the resilience and recovery potential of
populations following anthropogenic and environmental perturbations. These observations under-
score the importance of studying the spatial ecology of marine fish populations in order to (1)
understand the underlying mechanisms that can lead to rapid alterations in population abundance
and community interactions, (2) provide indicators of stock health, and (3) characterize the conse-
quences of changing spatial patterns on population susceptibility to exploitation and environmen-
tal variability. Here, we synthesize the interacting factors that influence the formation, mainte-
nance and erosion of spatial structure in marine fish populations and identify the further
consequences of such erosion at the population and community levels. We emphasize human
driven changes of population spatial structure for 3 levels of population genetic aggregation that
are common in fisheries management scenarios, namely sympatric populations, metapopulations
and panmictic populations. Case studies are presented for each level of aggregation. Throughout
our review, we both summarize the factors that link spatial and temporal dynamics in marine
populations and highlight the management and conservation implications of such linkages.
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BACKGROUND AND OBJECTIVES

All terrestrial and marine populations are, to vary-
ing degrees, spatially structured over a broad and
hierarchical range of spatio-temporal scales (Good-
win & Fahrig 1998) that span from small schools to

*Email: lciannel@coas.oregonstate.edu

demes in a metapopulation complex. Regardless of
its scale, the spatial structure of a population is a key
component of the population’'s ecology (Dunning et
al. 1992). However, in fisheries science, rarely have
results from spatial ecology been connected back to
population abundance (Cadrin & Secor 2009) nor
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have patterns of spatial variability been considered
in revising boundaries of management units (Link
et al. 2011). Yet there is increasing evidence that
changes in marine fish species abundance over time
are typically accompanied by equally dramatic and
large-scale changes in spatial distribution patterns
(Atkinson et al. 1997, Watanabe et al. 1997, McFar-
lane et al. 2002, Fisher & Frank 2004, Bacheler et al.
2009), a characteristic that is similarly reflected in
animal populations in general (Gaston et al. 2000).
Moreover, changes in spatial patterns can subject
individuals to a new set of environmental forcing and
interspecies interactions and therefore can influence
dynamics at the community level (Frank et al. 2007).
These observations generate 2 simple but, as yet, un-
answered questions. First, is a change of population
spatial structure a mere manifestation of removing
individuals, or is it also a prelude to further changes
in population abundance? Addressing this question
is a general ecology problem and involves an under-
standing of whether and how the spatial and tempo-
ral dynamics of populations are linked to each other.
Second, if a change in population spatial structure
precedes changes in population abundance, is the
spatial structure of fish populations that are commer-
cially harvested an attribute that is worth monitoring
and preserving? The second question is an applied
ecology problem, and it requires an understanding of
whether indices of population spatial distribution can
effectively supplement existing indices of population
status.

In the present review article, we address both of
these questions by examining the factors affecting
the formation, maintenance and erosion of spatial
structure in marine fish populations and the conse-
quences of erosion at the population and community
levels. Given the fundamental and applied nature of

the topic, the paper is organized in 4 main sections:
'Theories’, ‘Consequences’, 'Evidence’ and ‘Conser-
vation'. In the "Theories’ section, we describe the pro-
cesses thought to generate, maintain and disrupt
population spatial structure across various levels of
ecological and genetic aggregation. Because there is
already a growing body of literature that deals with
natural variations of spatial distribution of fish popu-
lations (see e.g. Ciannelli et al. 2008, Planque et al.
2011), in the present review, we streamline the de-
scription of natural variations to emphasize changes
that are driven by exploitation. This is not to say that
environmental changes do not matter; in fact, as we
explain in our manuscript, these 2 sources of varia-
bility may interact. In the second section, ‘Conse-
quences’, we review the potential impacts of chang-
ing spatial structure (human- or environmentally
driven) on population and community dynamics. In
the third section, ‘Evidence’, we present case studies
from marine fishes that expand the main principles of
the previous 2 sections. In the last section, ‘Conserva-
tion', we link our findings with ongoing efforts to
conserve harvested marine fish populations.

As a starting point, Berryman (2002) defined a pop-
ulation as a group of conspecific individuals inhabit-
ing a region within which the dynamics are mostly
controlled by birth and death processes. In our re-
view, we expand on Berryman's (2002) definition to
include 3 common and complex aggregation levels
encountered in applied management situations: (1)
sympatric discrete populations (e.g. Iles & Sinclair
1982), (2) spatially complex populations, e.g. meta-
populations (Smedbol et al. 2002) and source-sink
populations (Pulliam 1988), and (3) panmictic popu-
lations (Table 1). In nature, these 3 levels of aggrega-
tions are present as a continuum rather than categor-
ical groupings (Thomas & Kunin 1999), and different

Table 1. Types of populations based on their genetic and demographic characteristics. B: per capita birth rate, D: per capita death rate,
E: per capita emigration rate, I: per capita immigration rate. For each population type, we review a case study (see 'Evidence’) listed
in the last column

Type Definition Demography Genetic Case study
Sympatric discrete Reproductively and genetically B+D>E+I  Structured Alaska walleye pollock
populations isolated populations, which may Theragra chalcogramma
occupy overlapping habitats, at least
during one phase of their life cycles
Spatially complex Locally breeding subpopulations B+D>E+I Homogenous and Eastern Scotian Shelf cod
populations (deme) which may be genetically weakly structured Gadus morhua
(metapopulation, connected via dispersal
source—sink)
Panmictic population Interbreeding individuals that are B+D<E+I Homogeneous Norwegian spring spawning

heterogeneously distributed over space herring Clupea harengus
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levels of aggregations can co-exist. For example, a
panmictic or metapopulation complex can comprise
components of a larger sympatric complex. However,
it is important to realize that regardless of their level
of aggregation, heterogeneous spatial distributions
of populations occur because of the underlying spa-
tial variability in the physical and biological environ-
ment (Brown et al. 1995), intra- and inter-specific
interactions, and individual behavioral responses
(Planque et al. 2011). The nonrandom spatial pat-
terns of marine populations give rise to what we here
define as the spatial structure. Another aspect of
a population's spatial distribution that changes in
relation to abundance is the habitat extent or occu-
pancy (MacCall 1990). In the present review, we con-
sider changes of both spatial structure and spatial
occupancy because they are both influenced by
exploitation. In doing so, we make 2 assumptions.
First, the spatial structure of a population can be
quantified by the deviation of the population spatial
distribution from a fully random pattern, and its
occupancy can be quantified by the spatial extent.
Second, a population that has experienced erosion of
spatial structure and occupancy has shrunk its geo-
graphical range and/or become more homogeneous
over space.

THEORIES

Mechanisms that generate and maintain population
spatial structure

The spatial structure of populations results from a
tension between dispersal and isolation forces (e.g.
Iles & Sinclair 1982, Kokko & Lopez-Sepulcre 2006)
and from differences in demographic rates across the
species' range (Dunning et al. 1992). However, the
degree of spatial structuring in populations, the
mechanisms that generate structure and the conse-
quences of its erosion will vary among life history
strategies and over scales (Goodwin & Fahrig 1998).
In marine environments, for example, we can expect
that short-lived species inhabiting pelagic habitats
exhibit more variability in spatial structure than
longer-lived demersal or benthic species because of
their short life cycle, earlier maturation, and associa-
tion with more ephemeral environmental features.
Likewise, we can expect that pelagic species may
recover their spatial structure faster compared to
long-lived demersal or benthic species, provided that
the environmental conditions are favorable for such
recovery.

With regard to scales, spatial structure gives rise to
hierarchical levels of aggregation (Fauchald et al.
2000). In our review, we consider scales that separate
ecological and genetic levels of population aggrega-
tion (Table 1). Sympatric but distinct populations are
indicative of deep reproductive and genetic isolation
among individuals belonging to different groups,
which may take thousands of years to develop but
which can be destroyed by minimal genetic ex-
change within just a few generations. Movement of
reproductive individuals is therefore negligible
between genetically distinguished populations and
has minimal impact on the dynamics of each popula-
tion, which are controlled mostly by internal birth
and death processes. Such isolation is surprisingly
common and increasingly revealed within marine
species using molecular genetic techniques (Hauser
& Carvalho 2008). The lack of genetic separation
does not necessarily preclude the existence of a sym-
patric complex. Many factors can blur the genetic
signature of demographically isolated populations,
such as markers used for examining the separation,
population sizes, and the isolation time (Palumbi
2003, Hutchings et al. 2007, Knutsen et al. 2011). In
contrast to this pattern of isolation, a metapopulation
is defined by the presence of several locally breeding
subpopulations linked to each other by individual
dispersal and each having equal potential for inde-
pendent extinction and re-colonization (Smedbol et
al. 2002). In a metapopulation, the internal dynamics
of each composing subunit (deme) are still dominant
compared to the dynamics caused by individual dis-
persal, but the level of dispersal is such that the
genetic signature among the composing demes is
blurred (McQuinn 1997). Instances in which disper-
sal among the composing units of a spatially com-
plex population have demographic consequences on
other units are termed source—sink populations (Pul-
liam 1988). Finally, in panmictic spatially structured
populations, movement of individuals prevents both
local extinction and genetic structuring and therefore
has a dominant impact on the local dynamics. It is
important to note that spatial structure arises at
any aggregation level but for different reasons.
One could therefore consider spatial structure an
aggregation-free property of populations.

There are 2 facets of spatial distributions that can
be modified by human and environmental forcing,
namely the population's occupancy and the level of
spatial heterogeneity within that range. Landscape
and hydrographic features that constrain individual
dispersal and reproduction bound the geographic
range of a population (Levin 1992). For example, the
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geographic range of sympatric populations or meta-
populations is maintained by the mechanisms that
generate reproductively or demographically isolated
groups of individuals. These mechanisms include
imprinting (Cury 1994), local retention of early life
stages (Jones et al. 1999, Ciannelli et al. 2010), social
interactions during migratory phases (Corten 2001),
or habitat- and geographic-specific mating behavior
(Rowe & Hutchings 2003). Within the geographic
range of a population, small-scale environmental
forcing and individual behavior play dominant roles
in determining the spatial structure. These variables
may be considered as 'activating factors', promoting
variability within the species’ global or population's
regional geographic range. For example, the spatial
structure within a panmictic population is maintained
by the underlying heterogeneity of the physical and
biological environments (e.g. currents, patches of
food or local prey depletion) and by behavioral inter-
actions among the individuals of the same species
(e.g. schooling and intra-specific competition) and
other species (e.g. feeding aggregations and preda-
tion). Likewise, the spatial structure of a metapopu-
lation or a sympatric complex of populations is main-
tained by the variation of demographic rates across
the species range.

Factors affecting the spatial structure of marine
populations can also be characterized based on
whether they are density-independent or density-
dependent. Generally, the response of individuals to
density-dependent variables defines the population
abundance-distribution relationship, while the effect
of density-independent variables shapes the pop-
ulation's ecological niche (Brown et al. 1995). The
Fretwell & Lucas (1969) ideal iree distribution (IFD)
and the subsequent depiction of a basin model of
marine fish distributions based on IFD (MacCall
1990) quantify the potential outcomes of these den-
sity-dependent spatial dynamics. Density-dependent
spatial dynamics can promote expansion (or con-
traction) when the population reaches high (or low)
levels of abundance, assuming that individuals settle
on habitat patches in proportion to the local re-
sources available, such that the habitat suitability or
the individuals' fitness is equalized over the species
spatial domain (Fretwell & Lucas 1969). Within the
area of distribution of a single panmictic population,
spatial structure is also maintained through a preser-
vation of the population age structure, as individuals
of different ages/sizes and sexes are typically distrib-
uted differently over space due to stage-/age-specific
requirements and size-related migration capabilities
(e.g. Nottestad et al. 1999, Holst et al. 2004, Fauchald

et al. 2006). It follows that the spatial structure of a
panmictic population can change in relation to cohort
dominance; for instance, in pelagic fishes, where
numerically dominant cohorts aggregate in certain
areas, the sudden appearance of a large cohort can
result in equally sudden changes of the population
spatial structure (Huse et al. 2010).

Alternatively, or in addition to density-dependent
dynamics, individuals are distributed over space
following environmental preferences to optimize
the use of spatially heterogeneous resources. Often,
however, changes in population abundance, age
structure, and occupancy also co-occur with large-
scale changes in environmental variables, such as
water temperature (Swain 1999). In such circum-
stances, it becomes harder to disentangle the sources
of variability in population distribution or the degree
to which a change of environmental conditions facil-
itate or curtail a change of occupancy. Such a level of
understanding is paramount for defining population
management units (Link et al. 2011). As in other
systems (Borregaard & Rahbek 2010), identifying
the cause-effect relationship between abundance
and spatial distribution in exploited marine fishes re-
mains a fundamental challenge (Shepherd & Litvak
2004).

The concept of source-sink populations (Pulliam
1988) is also relevant in the context of understanding
and preserving spatial structure because the presence
of different demographic rates across space violates
the assumptions of many fishery stock assessment
models. This has led to calls for inclusion of spatially
varying demographic rates (Cadrin & Secor 2009).
Furthermore, declining spatial structure of source-
sink populations may compromise the connectivity
among demes, with implications for recovery dynam-
ics (Lawton 1993). Spatial variation in demographic
rates underlines the argument for the quantification
and preservation of structure to maintain biocomplex-
ity and insure against catastrophic losses at higher
levels of ecological organization (Hilborn et al. 2003).

Mechanisms that erode population spatial
structures and occupancy

Erosion or reduction of population spatial structure
can arise due to human-induced and natural events
or by a combination of both factors. Over short spatial
and temporal scales, individuals respond to the natu-
ral variability of the forcing factors that affect their
distribution. Individuals will react by moving to new
habitats, feeding on different prey, and generally
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exploiting any available niche. This set of mecha-
nisms acts parallel to those that are linked to
exploitation, which causes local depletions (Bartolino
et al. 2012), reduced spatial occupancy (Atkinson et
al. 1997), and alteration of the population demo-
graphic and genetic structures (Brander et al. 2010).
Both environmentally and human driven changes of
population spatial structure and occupancy can be
abrupt (e.g. regime shift and rapid transitions of pop-
ulation spatial distributions) and deleterious (e.g.
invasive species, establishments of new trophic inter-
actions, and age truncation). There are also syner-
gies between the 2 drivers, e.g. a population that is
heavily harvested is more likely to undergo further
changes of its spatial structure in relation to environ-
mental changes (Hsieh et al. 2010).

Depletion, induced by exploitation, can indeed
contribute to the loss of spatial structure, especially
when isolation forces historically prevailed over dis-
persal (Hauser & Carvalho 2008). For example, ex-
ploitation that concentrates on spawning seasons and
habitats has the potential to eliminate a single stock
or a deme within a sympatric population system or
a metapopulation complex, ultimately eroding the
spatial structure. Similarly, localized depletion can
dig a ‘'hole’ within the geographic extent of a panmic-
tic population, especially when migrants cannot refill
that vacuum of space at the same rate at which indi-
viduals are being removed and/or when the habitat
has been compromised (Bartolino et al. 2012). It is
primarily the overharvesting of local populations/
aggregations (i.e. sub-units; often those closest to
port suffer first) that erodes population structure.
Harvest practices that are not concentrated in space
and time (although they generally are; this property
is what makes industrial fishing efficient) can also
reduce population abundance, causing a spatial con-
traction. Spatial contractions are associated with
fishery-induced stock declines (MacCall 1990, Atkin-
son et al. 1997, Walters & Martell 2004). Similarly, if
harvest is changing the demographic structure of a
population, it can have consequences by changing
spatial distributions and migration pathways and by
causing a mismatch between early life stages and
favorable environmental conditions. In general, multi-
stock fishing is prone to declines of less productive
stocks and those that are most vulnerable to sequen-
tial exploitation, i.e. the stocks in proximity to fishing
ports are often overfished and then fishers move on
to the next (Walters & Martell 2004). The common
outcome of these and other scenarios is the unin-
tended overfishing of local populations and dimin-
ished spatial variability within marine populations.

Climate forcing can also contribute to the loss of
population spatial structure. For example, climate
change can alter dispersal pathways during early life
stages (Bailey et al. 2008, Duffy-Anderson et al. 2012)
and influence survival over different locations (Cian-
nelli et al. 2007a). Changing oceanographic condi-
tions can inhibit population exchange and the sur-
vival of eggs and larvae by affecting their transport
and retention in favorable areas (Bailey et al. 2008).
Shifts in the distribution and phenology of fish and
their prey can have a substantial effect on recruit-
ment and production (Brander 2010). Also, popula-
tions or life stages that have specific habitat require-
ments may be severely affected by loss of favorable
habitat due to changes in ocean conditions, including
increasing temperatures, depleted oxygen and ocean
acidification (Fabry et al. 2008, Voss et al. 2011).
Such changes also reduce suitable spawning habitats
and thus population reproductive success (Eby et
al. 2005, Koster et al. 2005). As with the effects of
fisheries, the causes of climate impacts may or may
not be strictly related to space; if climatic variability
results in large-scale changes in the abundance/
demographic structure, it will also cause changes in
spatial distributions. There are many examples of
changes in species spatial distributions that are
attributed to large-scale changes in oceanographic
conditions (Perry et al. 2005, Mueter & Litzow 2008,
Nye et al. 2009). These trajectories are likely to con-
tinue as climate change persists (Cheung et al. 2010).

CONSEQUENCES

The outcome of the processes that affect a popula-
tion's spatial structure and its occupancy is based
on traits that, to some extent, are adaptive and there-
fore increase the individual fitness (e.g. Fretwell &
Lucas 1969, MacCall 1990, Kokko & Lopez-Sepulcre
2006). Eroding such structure interferes with how
individuals interact with each other, with other spe-
cies, and with the environment. This interference
is likely to have consequences at the population
and community levels and has in fact accompanied
the collapse of many commercial stocks. Likewise,
changes of trophic control in many marine ecosys-
tems have been caused by changes of species abun-
dance and distributions (e.g. Frank et al. 2007, Litzow
& Ciannelli 2007). In the following sections, for
each of the 3 aggregations levels outlined in Table 1,
we provide greater details on how erosion of spa-
tial structure affects population and community inter-
actions.
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Over larger spatial scales, the consequences of a
loss in spatial structure can be particularly relevant
for management and conservation purposes. Spatial
structure is especially manifested during the spawn-
ing season, when reproductive individuals aggregate
on spawning grounds. Iles & Sinclair's (1982) seminal
work using Atlantic herring populations indicated
that populations exist as a combination of many sub-
stocks. The number of sub-stocks and abundance of
each sub-stock is proportional to the number and size
of geographic areas that allow retention during the
early life stages. Thus, the variability of spatial abun-
dance during spawning (or very early life stages)
reflects the genetic structure of the population. Each
subpopulation or deme can be adapted to the local
environmental conditions, which may result in a het-
erogeneous spatial pattern in the life history traits
(e.g. different somatic growth, maturing schedules,
or reproduction phenology).

Since Iles & Sinclair's (1982) work, numerous stud-
ies have revealed that genetic differentiation of
many marine fishes is more complex and may occur
at much smaller scales than once thought, raising
concern about the mismatch between genetic popu-
lation structure and current fisheries management
units (Reiss et al. 2009). Fishing-induced depletion of
subpopulations or demes will trigger a decrease in
the genetic and phenotypic diversity, with conse-
quences on the variety of ways in which popula-
tions can counteract environmental or human-induced
variability. Evidence has been observed in different
populations of anadromous fish, such as Alaskan

Before After

salmon, in which the maintenance of life history
diversity has been demonstrated to have clear impli-
cations for global dynamics and biomass trajectories
(e.g. Schindler et al. 2010). Under conditions of lo-
cally adapted populations, abundance recovery after
a local extinction may take a long time and probably
a lot longer than the time estimated by models that
do not take into account the spatial and genetic struc-
ture of the populations (Hutchings 2000, Heath et al.
2008, Murawski 2010). These consequences high-
light the relevance of maintaining the 'biocomplex-
ity" of exploited populations. That is, preserving dif-
ferent sub-populations or demes ensures high life
history diversity and yields more temporal stability be-
cause of the independent but complementary dy-
namics (Hilborn et al. 2003, Olsen et al. 2008) (Fig. 1).

In the context of metapopulations, a consequence
of loss of spatial structure is a reduction of the ‘rescue
effects’, or reduced source—sink dynamics, due to the
reduced dispersal of individuals from one deme to
another (Gonzalez et al. 1998) (Fig. 1). Specifically,
when local abundance is reduced, the ensuing mi-
gration of individuals will also be curtailed. This can
have consequences for re-colonization, thus altering
the metapopulation dynamics and making the meta-
population more likely to experience wide fluctua-
tions and potential extinction. Thus, subunits within
a metapopulation may feel the effect of depletion
occurring elsewhere in the metapopulation complex.
Habitat fragmentation also reduces the exchange of
individuals among demes (Betts et al. 2006). This is
particularly relevant for benthic or demersal species,
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which may move along corridors with specific char-
acteristics (e.g. sediment size and infaunal assem-
blages). The process of colonization/recolonization
may also depend on population thresholds being
reached in a locale before the population expands
outwards, perhaps being driven by density depend-
ence, in search of new habitats (Ciannelli et al. 2012).
This is similar to MacCall's (1990) geographic basin
model, where a spillover occurs into initially less
favorable habitats when the preferred habitat is
occupied. There are several examples of such popu-
lation behaviors, although abundance and geo-
graphic range may co-vary for a number of reasons
(Shepherd & Litvak 2004), and fishing on aggrega-
tions may erode the detection of preferred habitats
(Shackell et al. 2005).

Another consequence reported for stocks which
have experienced spatial erosion is a greater sensi-
tivity to further spatial changes. For example, analyz-
ing a long-term data set on larval distribution from
the southern California region, Hsieh et al. (2008)
showed that stocks that were more sensitive to envi-
ronmentally driven changes in spatial distribution
during the larval phase were also commercially har-
vested. One explanation offered by the authors was
that a reduction of the stock biomass caused erosion
of spatial structure in the form of lower spatial het-
erogeneity, potentially because of local depletion
of subunits within a population. In turn, a stock
with eroded spatial structure is more likely to show
changes of its distribution simply because of reduced
heterogeneity of spatial responses to environmental
variation. Ultimately, the strong dependence of a
stock on a single or few geographic locations may
imperil the viability of the stock in the face of further
harvest under environmental change.

We have a better appreciation of the consequences
of loss of the spatial structure of sympatric discrete
populations or demes within a metapopulation (e.g.
McQuinn 1997, Hsieh et al. 2010, Perry et al. 2010)
than we have for loss of structure within a panmictic
population. However, there are several mechanisms
by which an erosion of spatial structure can affect
panmictic populations and community dynamics. For
example, the sudden loss of local density hotspots
may create a spatial mismatch between predator and
prey species, where predators consistently exploit
such areas for food. This in turn will affect predator-
prey temporal dynamics and, where these food web
links are important, impact the surrounding assem-
blages. Furthermore, spatial contractions with reduced
abundance can also change the spatial overlap with
predators (Kempf et al. 2008, Hunsicker et al. 2010,

Zador et al. 2011). With the selective removal of older
individuals from the population or from certain loca-
tions, the remaining individuals may also lose the
ability to 'learn’ established migratory pathways (e.g.
Corten 2001) or may be led to unsuitable habitats.
For example, if repeat spawning at a site is imprinted
and young fish learn where to spawn from older fish
(social facilitation), then if the tested spawning loca-
tion is suboptimal for survival, it will represent a
population trap that attracts young fish from other
spawning locations. The behavioral change required
to modify such suboptimal spawning decisions may
require several generations of failure before it is
realized.

EVIDENCE

We provide evidence from the literature of changes
in spatial structure and relative population and
community dynamics. Attributing each case study
to a population type has been challenging, a fact
that underscores the complex nature of population
genetic and demographic structures. Yet, grouping
populations based on their spatial, demographic and
genetic structures is a common practice in ecology
(e.g. Pulliam 1988, Smedbol et al. 2002) and in this
review has been instrumental to describe the genesis
and maintenance of spatial structure and the conse-
quences of its erosion. However, in nature, individu-
als are not aware of our theoretical boundaries and
behave in ways that may challenge their premises
(Thomas & Kunin 1999). This does not invalidate the
classification but rather underscores the need to
recognize its limits when applied to wild populations.
In the following case studies, the main intent of
the grouping is to provide a general framework for
understanding the consequences of spatial erosion
across a wide range of genetically and demographi-
cally connected populations.

Sympatric populations: Alaska walleye pollock
(Fig. 2)

Alaska pollock Theragra chalcogramma is North
America's most abundant and lucrative fishery, rep-
resenting ~40% of the total US fisheries landings,
with a gross annual value of over US$ 1 billion
(Ianelli et al. 2011). It is the world's largest human
food fishery. Pollock is a gadid species, closely re-
lated to Atlantic cod, and often dominates the coastal
ecosystems of the North Pacific Ocean. Pollock is
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usually considered a semi-demersal inhabitant of the
continental shelf, but the species can occupy a wide
range of habitats and environmental conditions, such
as inshore seagrass beds, large estuaries, coastal
embayments and offshore oceanic waters (Bailey et
al. 1999). It is a subarctic species (Mueter & Litzow
2008), living in water temperatures ranging from 1°
to 10°C. Pollock reach maturity at 3 to 4 yr of age, and
individual females spawn millions of eggs each year
(Hinckley 1987). There are several pollock spawning
aggregations in the Alaska, USA, region (Fig. 2).
Throughout the entire range of pollock distribution,
there is good evidence of genetic separation at large
scales, such as the eastern versus western Pacific
or Alaska versus Puget Sound (Washington, USA)
aggregations, and weaker evidence for separation
at smaller scales within the Alaska region, such as
between the Gulf of Alaska and the Bering Sea (Bai-
ley et al. 1999). At even smaller scales, such as within
the Gulf of Alaska or Bering Sea, the genetic struc-
ture is still unresolved, and the picture that emerges
can vary with the use of different genetic markers
(e.g. O'Reilly et al. 2004, Canino et al. 2005). How-
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ever, it is clear that the Alaskan pollock forms a com-
plex population structure with sympatric reproduc-
tively isolated stocks at larger scales and with several
degrees of mixing at smaller scales. It is possible that
this picture may be more common than assumed in
many management scenarios.

Pollock populations in the Alaska region provide
comparisons of situations where climate change or
overfishing, as well as synergism between the 2
forces, have caused a decline in spatial structure. At
the northern end of the pollock stock, one major pop-
ulation existed in the Aleutian Basin of the central
Bering Sea, although its relationship to adjacent shelf
populations is still unresolved and controversial (Bai-
ley 2011). In the early part of the 1980s, population
assessment models indicated a biomass of nearly 13
million t of pollock over age 5 yr in the US zone of the
central Bering Sea alone. Americanization of the fish-
ery occurring in the US zone in the mid-1980s forced
the substantial foreign fishery into the international
Donut Hole zone (Bailey 2011). The highest reported
annual catch from the Aleutian basin fisheries was
1.7 million t in 1987, but it was likely higher than that
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Fig. 2. Alaska, USA, region with known locations of walleye pollock Theragra chalcogramma spawning activity in the western

Gulf of Alaska and eastern Bering Sea. The size of the location is not proportional to the spawning stock. PWS: Prince William

Sound; RB: Resurrection Bay; AT: Amatuli Trough; SH: Shelikof Strait; SI: Shumagin Islands; UP: Unimak Pass; AP: Alaska
Peninsula; BI: Bogoslof Island; AI: Aleutian Islands; DH: Donut Hole; PI: Pribilof Islands
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(Bailey 2011). Noticeably, the peak of the landings
occurred when the decline of the population biomass
was already underway. In 1988, the Aleutian Basin
biomass plunged to 50% of its peak value and by
1992 was only 6 % of the maximum. In 2007, the pop-
ulation was estimated at 309000 t, a drop of 98%
from its peak. The Aleutian Basin population of pol-
lock is currently commercially extinct. It has re-
mained at this depleted level for 20 yr. This repre-
sents a depopulation covering ~1 million square
miles. Because the fishery was so remote, the conse-
quences to the ecosystem are unknown but could
be substantial. There was no recognized trend in
temperature or zooplankton abundance during the
period of steep decline, so the major factor appears to
be overfishing and poor recruitment (Bailey 2011). In
recent years, the Pacific fur seal Callorhinus ursinus
population of Bogoslof Island in the southeastern cor-
ner of the Aleutian Basin has been increasing at
a dramatic pace. Pollock is usually an important
component of the fur seal diet, but in this case they
are eating mainly squid and deep-sea smelts. It is
unknown whether these species have increased in
abundance since the demise of pollock.

Still in the Bering Sea, but in the slope and shelf
areas, there are several known pollock spawning
aggregations (Bacheler et al. 2010) (Fig. 2). Collec-
tively, the Bering Sea shelf and slope pollock have
waxed and waned but remain reasonably abundant,
and in fact, the commercial stock exhibited signs of a
modest recovery in 2011 from a low point in 2008 to
2010. Changes in the spatial distribution of these
populations have been linked to both abundance and
climate (Bacheler et al. 2010). While the recruitment
dynamics and stock size of pollock in the eastern
Bering Sea remain fairly constant, this population has
lost much of its spatial structure, especially during
the larval and juvenile phase. For example, the once
abundant larval aggregation around Bogoslof Island
is much reduced in more recent years (Bacheler et al.
2010). Also, while juveniles (age 21 yr) were mostly
distributed throughout the shelf, they are mostly
localized in the northwest portion of the shelf in more
recent years. These facts provide some evidence of
reduced spatial structure over different life history
stages and should be taken as early warning for
potential additional negative effects at the popula-
tion level. Causes of concern for the pollock stocks in
the region also arise from the continuous increase in
abundance of arrowtooth flounder Atherestes stomias
(a piscivorous flatfish), which has caused an expan-
sion of its habitat (Ciannelli et al. 2012) and a greater
overlap (Hunsicker et al. 2010) and predatory impact

(Zador et al. 2011) on its prey, the juvenile stage of
walleye pollock, particularly in the northwest shelf
region.

In the western Gulf of Alaska, potential overfishing
and ecosystem reorganizations have caused changes
in the spatial distribution of pollock. As in the Bering
Sea, there are several recognized spawning popula-
tions of pollock in the Gulf of Alaska (Ciannelli et al.
2007b) (Fig. 2), mostly associated with deepwater
bays or deep canyons and sea valleys intruding into
the continental shelf. The largest population has his-
torically been in the Shelikof Strait. This population
was at a peak of 2.8 million t in 1981 from acoustic
estimates of biomass during the prespawning period.
Catch rates peaked in 1984 at 307 000 t as the popu-
lation was already in decline. In 2007, the biomass
was reduced to 180 000 t, and catches were ~50 000 t.
Ciannelli et al. (2007b), analyzing egg distribution,
showed that the spatial structure of the population
had considerably decreased after the 1990s. The
once conspicuous Shelikof Strait spawning aggrega-
tion is no longer dominant. Biomass levels of the pop-
ulation are now ~10% of the maximum observed.
Bacheler et al. (2009) showed that with a decreased
spawning biomass, spawning areas (as detected by
egg density) were also reduced. As a result of the
declines in this local concentration and other factors,
such as management strategies to spread fishing
effort and thus protect local Steller sea lions Eume-
topias jubatus, the commercial fishery has shifted to
the harvest of other smaller local populations, includ-
ing those off Sanak and the Shumagin Islands. There
has been considerable controversy about the effects
of the pollock depletion on marine mammal and sea-
bird populations, with the greatest concern for its
effect on the endangered Steller sea lion. This issue
remains unresolved.

Metapopulation: eastern Scotian Shelf cod
(Figs. 3 & 4)

Cod resident on the eastern Scotian Shelf sup-
ported an important commercial fishery with average
landings close to 50 000 t during the 1970s and 1980s
(Fig. 3). Mobile gear fisheries, specifically otter trawl-
ing, typically accounted for 70 % of the catch. Land-
ings peaked in the mid 1980s, when the biomass had
already started its decline. Annual instantaneous
fishing mortality increased monotonically from ~0.2
in the late 1970s to 1.6 in 1992, the year before the
population collapsed (Frank et al. 1994). Distribution
patterns of adult cod prior to collapse were wide-
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2007 spread with major concentrations on most of the off-
-‘8 Iy shore banks along the shelf edge and Laurentian
% 150 [ - e - 3SB channel (Fig. 4A). After the collapse (Fig. 4B), nearly
g 1N —e— Landings all of the banks were devoid of cod, and the few
_8 100 - “ * remaining concentrations were being protected by
f’ r" “ ,Q a moratorium on directed fishing for cod that was
o p LY established in September of 1993. The moratorium
-'3 507 remains in effect at present, and recovery has been
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Fig. 4C shows the proportion of cod eggs by month
on the eastern Scotian Shelf from 1979 to 1981 and
from 1991 to 1993. Distinct bi-modality was evident
in the earlier period, while the spring (May to June)
production was virtually absent in the latter period
(Miller et al. 1995). This was one of the earliest indi-
cations of the erosion of population structure. The
loss of the spring component was considered to have
had a major impact on population renewal, given the
capacity of the spring bloom and following events to
generate new recruits in this and virtually all other
temperate marine ecosystems. The loss of the spring
spawning component as well as the overall reduction
in spawning stock biomass were associated with a
dramatic decline in annual recruitment (Fig. 4D).

Historically, and on a larger scale, cod recruitment
in the Northwest Atlantic was synchronous at scales
in excess of 500 km due, in part, to dispersal among
adjacent stocks. Coincident with the cod collapse
was a halving of the spatial scale of recruitment syn-
chrony, suggesting an erosion of inter-stock connec-
tivity and a further limitation to local recovery by
reducing the probability of immigration from neigh-
boring stocks (Kelly et al. 2009), i.e. the rescue effect.
The collapse of cod on the eastern Scotian Shelf
resulted in substantial changes in the composition of
the fishery as several fisheries were newly created
and some existing fisheries became extremely prof-
itable. For example, as the percentage contribution
of groundfish to the total landed value steadily de-
clined from >70 to <10 % from the 1980s to the early
2000s, invertebrate fisheries (mainly snow crab and
shrimp) rose from 12 to 85% (DFO 2003). Ironically,
the cod collapse produced a new fishery regime in
which the inflation-adjusted monetary value of the
combined shrimp and crab landing alone far exceeded
that of the groundfish fishery it replaced. From an
economic perspective, this may be a

been the most important fish resource in the North-
east Atlantic (Hamre 1990). Unlike other case studies
that we review in the present article, the NSS is a
success story due to the spectacular recovery of
both demographic and spatial structures following a
collapse. The NSS is also a fascinating case study
because it elucidates how human harvest and envi-
ronmental variability interact with internal behav-
ioral mechanisms to affect migratory pathways and
the overall spatial structure and occupancy of a pan-
mictic population.

Between 1 and 2 million t were landed annually in
the 1950s and 1960s (Nakken 2008). The peak of the
catch occurred in the late 1960s, when the biomass
decline was already underway (Fig. 5). NSS herring
have a complex spatial ecology, including distribu-
tion shifts with ontogenetic shifts and extensive and
variable seasonal migrations as adults. The NSS her-
ring spawn in spring along the Norwegian coast. The
larvae drift with currents into nursery areas along the
coast and into the Barents Sea, where they remain
until ~4 yr of age. Thereafter, young herring migrate
to the Norwegian Sea and take part in summer forag-
ing, winter and spring spawning migrations. How-
ever, the areas used for spawning, foraging and win-
tering have varied considerably over the last decades
(Dragesund et al. 2008) (Fig. 6). Due to the spatial
complexity of herring stocks, the proposed popula-
tion structures have ranged from discrete popula-
tions associated with the different spawning areas to
a spatially complex panmictic population for which
the structure, persistence and dynamics are best
explained by behavioral rather than genetic mecha-
nisms (Slotte & Fiksen 2000 and references therein).
More recent studies support the latter stock struc-
ture and the hypothesis that behavioral and density-
dependent mechanisms play a dominant role in de-
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Fig. 5. Clupea harengus. Spawning stock biomass (SSB) and landings of
Norwegian spring spawning herring (ICES 2011)
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termining the spatial structure of the NSS herring
(e.g. Slotte & Fiksen 2000, Huse et al. 2010).

After 2 decades of rapid population decline, the
NSS herring collapsed around 1970 due to high fish-
ing mortality and adverse environmental conditions
negatively impacting recruitment (Toresen & Ost-
vedt 2000, Dragesund et al. 2008) (Fig. 5). Prior to the
decline, spawning occurred from northern to south-
western Norway (Fig. 6A,B). The summer feeding
migrations were long and directed toward the polar
front in the Iceland and Jan Mayen areas. Wintering
areas were mainly east of Iceland. During the popu-
lation decline, the geographic range of the spawning
areas shrunk, and no spawning occurred in the
northern areas (Fig. 6C). The summer feeding areas
shifted north and eastward toward the Norwegian
coast. By the time of the collapse, the oceanic feeding
migrations had ceased, and the summer feeding
occurred only along the Norwegian coast (Fig. 6C).
The herring also vacated the traditional wintering
areas and started wintering along the Norwegian
coast. Thus, after the collapse, the herring remained
in coastal waters all year (Fig. 6D).

The changes in both spawning and feeding migra-
tions appear to have been density-dependent, although
unfavorable environmental conditions may also have
had some influence (Slotte & Fiksen 2000, Holst et al.
2004). At lower densities, herring are generally in
better condition and perform longer spawning migra-
tions to southern spawning habitats (Slotte & Fiksen
2000). These habitats likely have favorable physical
conditions that promote growth and survival of the
fry (Slotte & Fiksen 2000). In contrast, at high abun-
dances, the feeding migrations are longer, likely pro-
pelled by prey depletion (Holst et al. 2004). Fol-
lowing the collapse, the few remaining herring had
likely met their energetic requirements in the coastal
areas. Thus, in the NSS herring, reduced migration
distances and costs, improved condition and an in-
creasing use of optimal spawning habitats are parts
of spatial processes that could positively influence
recruitment at low stock abundances. However, the
recruitment in NSS herring is highly variable and
poorly understood, and reduced population-level re-
silience by spatial contraction of spawning distribu-
tion has also been discussed for this species (Drage-
sund et al. 2008).

The changes in wintering areas, however, are likely
linked to behavioral mechanisms. Herring remain in
wintering areas in dense concentrations for ~5 mo
without feeding. Also, the coastal wintering areas
have varied considerably during the last decades.
Huse et al. (2010) demonstrated that each shift in

wintering areas has been associated with a new and
strong year class entering the spawning stock. Huse
et al. (2010) suggested that there is a cultural transfer
of the use of wintering areas, which breaks down
when the proportion of recruits is high relative to that
of older herring, resulting in establishment of new
wintering areas.

In the 1970s, the herring fisheries were strictly reg-
ulated, and <20 000 t were landed each year (Fig. 5).
However, due to the spatial contraction of herring in
coastal areas during spawning, feeding and winter-
ing, the fishermen found herring on the coast all year
round, occasionally at high densities. This resulted in
strong disagreements between scientists and fisher-
men concerning the state of the herring stock and
how much could be harvested (Dragesund et al.
2008). Until the late 1970s, the technical equipment
and the efficiency of the herring fisheries had devel-
oped more rapidly than the stock assessment tools
available for the scientists. However, in 1979, an
abundance estimate for the spawning stock was pro-
duced, revealing that the stock was at a very low
level, and the strict regulations continued (Drage-
sund et al. 2008).

The herring started recovering in the late 1980s.
The stock is currently at 9 million t and is considered
to be fully recovered, although a reduction in abun-
dance has been observed in recent years (Fig. 5).
Weak recruitment since 2004 and reduction of older,
abundant cohorts due to fishing and natural mortality
is causing the stock decline. However, the westward,
oceanic feeding migrations have resumed, spawning
distributions have expanded northward (Fig. 6E,F),
and the wintering areas have shifted westward from
the inner fjords to off the shelf. Thus, the herring
appears to have been fully able to recolonize histori-
cally used areas and habitats.

CONSERVATION

Although species are adapted to the natural vari-
ability of the environment that they inhabit, the
effects of fishing and climate on the erosion of popu-
lation structure interact and are at times synergistic.
For instance, fishing impacts the geographic extent
of a population as well as the demographic structure
(e.g. truncated age/size classes) and thereby weak-
ens the remaining population's capacity to buffer
the effects of unfavorable environmental conditions
(Perry et al. 2010, Planque et al. 2010). Also, climate-
induced spatial contractions or merging of exploited
fish stocks can lead to increases in local fish densities



240 Mar Ecol Prog Ser 480: 227-243, 2013

and catchability, which in turn make stocks more
vulnerable to overfishing (Atkinson et al. 1997, Rose
et al. 2000). These effects are very dependent on the
life history adaptations that species or stocks have
evolved to deal with environmental variability, pre-
dation pressure and ontogenetic division of prey
resources. The link between climate- and fishing-
induced changes of population structure and the
ensuing effects on species abundance calls for a
more integrated approach to the study of fish spatial
distributions, one that takes into account human and
environmental drivers. It also calls for a more com-
prehensive management approach, in which the
spatial structure of a population is monitored and
catches are numerically and also geographically
accounted for (Link et al. 2011).

It is interesting that there is the fractal view of
lumpers and splitters in both species differentiation
and in population structure. We realize that our own
classification of the 3 case studies to a specific popu-
lation type (Table 1) may draw counter-opinions. We
wish there was a way to unequivocally distinguish
the demographic and genetic structure of popula-
tions, but the results to date only point to the contro-
versial nature of these classifications. However, we
contend that this controversy is counterproductive
and hampers the establishment of management frame-
works that integrate population structures. Genetic
techniques may provide blurred pictures of the de-
gree of separation between different subgroups in a
population. Similarly, non-genetic techniques, such
as otolith microchemistry, may give -conflicting
results (Secor 2010). Does that mean that populations
are not structured or that some level of structure
should not be considered in management?

Our review was motivated by 2 simple questions,
namely (1) Is a change of population spatial structure
a mere manifestation of removing individuals from a
population, or is it also a prelude to further changes
in population abundance? and (2) Is the spatial struc-
ture of fish populations that are commercially har-
vested an attribute that is worth monitoring and pre-
serving? Throughout our review, we have shown
how populations can be spatially structured, regard-
less of their genetic and demographic connections. It
is also important to note that in the 3 case studies
examined here, the landings peaked several years
after a declining trend of abundance commenced
(Figs. 3 & 5) (Bailey 2011, DFO 2011). Of course, it
is simple to unveil these temporal discrepancies be-
tween harvest and abundance trends when many
years have gone by and population abundance esti-
mates have improved with retrospection. Similar

downward population trends may have not been
apparent at the time the trend started. However,
what we have learned from hindsight highlights the
fact that biomass and recruitment estimates alone are
not good predictors of future population trends and
underscores the importance of supplementing man-
agement with additional spatial indices of population
status. We have also reviewed cases in which the ero-
sion of this spatial structure is a prelude to further
changes of population abundance for reasons that go
beyond, and are more long lasting, than the removal
of individuals from a location. Therefore, the moni-
toring and preservation of a population's spatial
structure should be an explicit management goal.
The upside is that in marine populations, spatial
structures are easier to monitor and characterize (e.g.
Woillez et al. 2007) than demographic and genetic
structures. Many commercially exploited stocks are
surveyed often multiple times in a year and over dif-
ferent life history stages. There is already a large
body of available information that can be integrated
in management scenarios and that is less controver-
sial than other metrics of population structures.
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ABSTRACT: Prediction of year-class strength is a critical challenge for fisheries managers. Theo-
retically, predictions of recruitment should be better when they are based on estimates of cohort
size taken close to the age of recruitment and may improve if the effects of environmental factors
that influence pre-recruit mortality are accounted for. In practice, measurement error and difficul-
ties in establishing robust recruitment-environment relationships complicate the picture. For 5
fish stocks of 4 species in 3 ecosystems, we examined the usefulness of indices of juvenile abun-
dance relative to larval abundance for predicting recruitment. Further, we examined whether
the use of environmental covariates improved predictions. For 2 of 4 stocks with sufficient data
(1 stock did not have larval data), juvenile abundance was a better predictor of recruitment com-
pared to larval indices. For the 2 other stocks, we found that juvenile indices were not superior to
larval indices, possibly because of error in the measurement of juvenile abundance. In all 5 of
these stocks, regression analysis showed that inclusion of environmental correlates contributed
significantly to explaining recruitment variation compared to models based on juvenile indices
alone. Further, cross validation showed that forecasts of future recruitment were either improved
or qualitatively unchanged by including environmental correlates. This was despite apparent
nonstationarity in the recruitment-environment relationships; most of the environmental vari-
ables and pre-recruit abundance indices were significantly correlated with recruitment for only
parts of the studied period. Such complex responses to environmental changes are difficult to
anticipate, yet the environmental information should not be ignored altogether.
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INTRODUCTION

The recruitment to many fish stocks is highly variable
because of large interannual fluctuations in survival
during early life stages (Hjort 1914, Cushing 1995,
Chambers & Trippel 1997). To understand the causes of
and, if possible, predict these fluctuations, the abun-
dances of spawners, eggs, larvae, and juveniles of

*Email: l.c.stige@bio.uio.no

many stocks are monitored regularly, along with
various biotic and abiotic environmental factors poten-
tially linked to survival. If the recruitment strength, that
is, the abundance of a cohort as it enters into the fishery,
can be accurately predicted >1 yr in advance, the man-
agers of the stocks can better evaluate the conse-
quences of alternative management actions (e.g. Loger-
well et al. 2003, Bailey et al. 2005, MacKenzie et al. 2008).
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Assuming that all measures of year-class strength
are equally accurate, the closer the measurement is
taken to the time of recruitment, the more likely it
will provide an accurate index of recruitment (Brad-
ford 1992). The vulnerability of egg and larval stages
to environmental perturbations may further diminish
their value as indices for predicting recruitment
(Bailey et al. 2005, Houde 2008). For example, these
stages may be particularly vulnerable to adverse
temperatures, predation, and mismatch with prey
because they lack sufficient behavioral mechanisms
to respond to poor environmental conditions (e.g.
Sinclair & Tremblay 1984, Houde 1994, Blood 2002,
Beaugrand et al. 2003, Fiksen et al. 2007). Juvenile
fish may be more resilient to environmental pertur-
bation. They are larger and have more energy re-
serves than eggs or larvae, and they can search
effectively for more favorable conditions (Sogard
1997). One may therefore expect that indices of juve-
nile abundance provide considerably better predic-
tions of the eventual recruitment to a fishery than
indices of eggs or larvae, unless egg or larval abun-
dances are measured with much higher accuracy. It
should be noted that large differences in measure-
ment error are indeed possible, as very different sur-
vey types and gears are needed to survey different
life-history stages, and each of these methods have
different shortcomings, types of error, and other
problems (Heath 1992, Godg 1998).

For any given pre-recruit life stage, it would also
seem reasonable that the inclusion of environmental
variables, such as water temperature and indices of
predator or competitor abundance, should increase
the ability to predict the survival of that life stage to
recruitment. Understanding the effects of climate on
fisheries has been a central research topic since the
foundation of the International Council for the Explo-
ration of the Sea (ICES) in 1902 (e.g. Cushing 1982,
Beamish 1993, Alheit & Hagen 1997, Borja et al.
1998, Rothschild 2000, Drinkwater et al. 2005, Hol-
lowed et al. 2011). In recent years, there has been an
effort to develop models incorporating climate and
other environmental indices for the prediction of
recruitment (e.g. Chen & Ware 1999, Borja et al.
2008, MacKenzie et al. 2008, Andonegi et al. 2011,
Mueter et al. 2011). For example, Zabel et al. (2011),
working with bocaccio Sebastes paucispinis in the
California Current system, found that a recruitment
model, which included juvenile abundance and cli-
mate and the interaction of these factors, explained
68 % of the recruitment variation, whereas a model
with population density alone explained only 1.4 % of
the recruitment variance. Using cross validation (i.e.

separating the data set into 'training’ and ‘testing’
data sets and using the training data set to predict the
response in the testing data set), Zabel et al. (2011)
found that the interaction model was also better at
predicting ‘new’ observations not used when esti-
mating the parameters in the model. In the Barents
Sea, a number of recruitment models have been
developed for cod Gadus morhua that have included
environmental variables, such as the yearly average
temperature along the Kola line (0 to 200 m) and
predator and prey biomasses (e.g. Hjermann et al.
2007, Dingser et al. 2010). To assess accurately the
stock size and advise corresponding catch limits for
the management of this stock, analogous recruitment
models are used to predict the recruitment of 3 yr
olds to the fishery in the coming 3 yr (ICES 2010). In
the management of most other stocks, environmental
information is not routinely used (De Oliveira &
Butterworth 2005), which can be partly explained by
the difficulty in identifying recruitment—environment
correlations that remain robust over time (Myers
1998).

For the present paper, we tested the hypothesis
that indices of juvenile abundance are better pre-
dictors of recruitment than indices of earlier life
stages for 3 fish species in the Barents Sea, 1 in the
Gulf of Alaska, and 1 in the eastern Bering Sea. We
also examined whether inclusion of environmental
covariates of juvenile survival (e.g. predator and
competitor abundance, prey availability, water tem-
perature, and climate patterns) in the models of
juvenile survival significantly improved both hind-
casts and predictions of recruitment. We expected
that predictions for 'new’ observations are not nec-
essarily better if the recruitment—environment cor-
relations are spurious or nonstationary. To detect
nonstationarity, we investigated whether the corre-
lations between recruitment on the one hand and
the environmental indices and the early life stage
abundance indices on the other were stable over
time. To assess the predictive value of the environ-
mental information, predictive models with and
without environmental variables were developed
for each year based only on data collected prior to
the year predicted. We then examined how closely
these 1 yr prior predictions matched the observa-
tions. By testing the same hypotheses for 5 different
stocks, we aimed to disclose general patterns relat-
ing to the predictability of fish recruitment from
pre-recruit abundance and environmental indices—
under the influence of measurement errors and un-
certain or changing relationships between these
indices and recruitment.
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MATERIALS AND METHODS
Data on fish abundance
Barents Sea cod, haddock, and capelin

To examine the relationships between indices at
different life stages and recruitment of 3 fish stocks in
the Barents Sea, we obtained data from several
sources (Table 1). For northeast Arctic (NEA) cod
Gadus morhua and NEA haddock Melanogrammus
aeglefinus, we considered the following indices:

spawning stock biomass (SSB;), egg abundance in
April to May (E;), larval abundance in April to July
(L), Age 0 abundance in August to September (NO,),
Age 1 and Age 2 abundances in January to March
(N1;and N2,), and recruitment at Age 3 year (R;). For
the Barents Sea (BS) capelin Mallotus villosus, we
considered spawning stock biomass (SSB;), larval
abundance in April to July (L;), Age 0 abundance in
August and September (NO;), and recruitment in
September to October at Age 1 year (R;). Sources and
manipulation of abundance data for the Barents Sea
stocks are described in Appendix 1.

Table 1. Description and sources of data used to examine the relationship between indices at different life stages and recruitment of 5 fish
stocks in the Barents Sea (BS), the Gulf of Alaska (GOA), and the eastern Bering Sea (EBS). ATF: arrowtooth flounder; NEA: northeast

Arctic; SST: sea surface temperature; SSB: spawning stock biomass

except 1982,1987,1999

Data type Years Source Reference

BS NEA cod and haddock

Egg 1959-1990 Russian (PINRO) ichthyoplankton surveys Mukhina (1992), Mukhina et al. (2003)

Larvae 1959-1990 Russian (PINRO) ichthyoplankton surveys Mukhina (1992), Mukhina et al. (2003)

Age 0 1966-2009 International 0-group surveys ICES (2007), (2010), their Table 1.2

Age 1 and Age 2 1981-2008 Norwegian acoustic surveys ICES (2010), their Tables A2 & B3

Recruitment (Age 3) 1962-2009 VPA stock assessment ICES (2010), their Tables 3.25 & 4.18

SSB 1959-2008 VPA stock assessment ICES (2010), their Tables 3.25 & 4.18

Predator (Age 3-6 NEA cod) 1946-2010 VPA stock assessment ICES (2010), their Table 3.22

BS capelin

Larvae 1959-2009; Combined from Russian (PINRO) Mukhina (1992), Mukhina et al. (2003),
except 2007, 2008  ichthyoplankton surveys and ICES (2010), their Table 9.4

Norwegian surveys

Age 0 1965-2009 International 0-group surveys ICES (2007), (2010), their Table 1.2

Recruitment (Age 1) 1973-2010 September—October acoustic surveys ICES (2010), their Table 9.6

SSB 1959-2009 September—October acoustic surveys ICES (2010), their Table 9.6

Predator (Age 1-2 herring) 1973-2009 VPA stock assessment ICES (2010), their Table 9.6

Mean December to March 1921-2009 PINRO Tereshchenko (1996), www.pinro.ru

temperature; 0-200 m at Kola

GOA pollock

Larvae 1979-2008; NOAA Fisheries Echo Integration Bailey (2000), Zhang et al. (2010)
except 1980,1984  trawl survey

Age 1 and Age 2 1981-2008; NOAA Fisheries acoustic survey Dorn et al. (2010), their Table 1.10

Recruitment (Age 4) 1977-2009 NOAA Fisheries stock assessment Dorn et al. (2010), their Table 1.17
SSB 1977-2009 NOAA Fisheries stock assessment Dorn et al. (2010), their Table 1.18
Predator (Age 3+ ATF) 1977-2009 NOAA Fisheries stock assessment Turnock & Wilderbuer (2009),

their Table 7.9
Mean April to June SST 1977-2009 NOAA Climate Diagnostics Center www.cdc.noaa.gov/cdc/reanalysis/
EBS pollock
Age 1 and Age 2 1982-2010 NOAA Fisheries groundfish trawl survey Ianelli et al. (2010), their Table 1.12
Recruitment (Age 4) 1976-2009 NOAA Fisheries stock assessment Ianelli et al. (2010), their Table 1.21
SSB 1976-2010 NOAA Fisheries stock assessment Tanelli et al. (2010), their Table 1.23
Predator (Age 1+ ATF) 1977-2010 NOAA Fisheries stock assessment Wilderbuer et al. (2010), their Table 6.10
Predator (Age 3+ pollock) 1977-2010 NOAA Fisheries stock assessment Tanelli et al. (2010), their Table 1.23
Predator (Age 0+ Pacific cod) 1977-2010 NOAA Fisheries stock assessment Thompson et al. (2010), their Table 2.25a
Predator (Age 3+ flathead sole)  1977-2010 NOAA Fisheries stock assessment Stockhausen et al. (2010), their Table 8.15
Mean May SST 1948-2010 NOAA Bering Climate www.beringclimate.noaa.gov
Ice cover index 1979-2008 NOAA Bering Climate www.beringclimate.noaa.gov
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Gulf of Alaska and eastern Bering Sea
walleye pollock

We examined the relationship between indices at
different life stages and recruitment of walleye pol-
lock Theragra chalcogramma in the Gulf of Alaska
(GOA) and Eastern Bering Sea (EBS). We defined
recruits (R;) as Age 4 pollock because that is the age
at which pollock start to recruit to the fishery in most
years. For the GOA, we used abundance estimates
available for pollock larvae (L), juveniles (N1: Age 1
and N2;: Age 2), spawning stock biomass (SSBy), and
recruits (Table 1). Sources, manipulation, and assump-
tions concerning pollock larvae data are described
by Bailey (2000) and Zhang et al. (2010). For the EBS,
we used indices of N1, N2, SSB, and R; (Table 1).
Pollock L;indices are not available for the EBS.

Environmental correlates

We focused on temperature and predator abundance
as the main environmental correlates (Table 1).
Water temperatures (integrated water column or sea
surface temperature [SST]) were used as the main
oceanographic correlates because fish are ectother-
mic organisms, with temperature strongly influenc-
ing all life stages. Moreover, temperatures are the
most frequently recorded environmental parameters
with available long-term time series. Temperatures
during the spawning season were used in the analy-
ses, except for the Barents Sea stocks, where temper-
ature for the winter following spawning correlated
more strongly with recruitment. The environmental
covariates considered for the different stocks are
listed below (see Table 1 for data sources).

Barents Sea cod, haddock, and capelin

(1) COD3_6 In(abundance) of cod aged 3 to 6 yr
was used as an index of a key predator on juvenile
cod and haddock (following e.g. Stige et al. 2010).

(2) HER;,;: In(biomass) of Age 1 and 2 herring
Clupea harengus was used as an index of a key pred-
ator/competitor of juvenile capelin (e.g. Stige et al.
2010).

(3) TEMP;: For a climate index for all 3 stocks, we
used the integrated water column temperature at 0 to
200 m depth at the Kola section (70.5 to 72.5°N,
33.5°E) in the south-central Barents Sea. Annual
mean winter temperatures for 1921 to 2006 were
computed from monthly averages of December

(year t) through March (year t + 1) temperatures. Kola
temperature correlates positively to recruitment of all
3 species (e.g. Stige et al. 2010).

Gulf of Alaska walleye pollock

(1) ATF; In(abundance) of arrowtooth flounder
Atheresthes stomias, an index of potential predation.
Arrowtooth flounder is the dominant groundfish spe-
cies in the GOA, and it exerts a significant predation
pressure on juvenile walleye pollock (Bailey 2000,
Dorn et al. 2010). Only arrowtooth flounder was used
as predation index in the GOA because of its over-
whelming abundance there.

(2) SST; mean April to June SST, derived from
average monthly temperatures interpolated across a
longitude band in the GOA from 155.6° W to 157.5°W
centered at latitude 56.2° N (data source: A. Macklin,
Pacific Marine Environmental Laboratory, Seattle,
WA, pers. comm., www.cdc.noaa.gov/cdc/reanalysis).

Eastern Bering Sea walleye pollock

(1) PRED;: In(total abundance) of adult walleye pol-
lock (Age 3+), arrowtooth flounder (Age 1+), Pacific
cod Gadus macrocephalus (Age 0+), and flathead
sole Hippoglossoides elassodon (Age 3+) (an index of
an aggregate of potential predators; Aydin et al. 2007).

(2) SST;: mean May SST. A relationship between
EBS pollock recruitment and SST was reported by
Quinn & Niebauer (1995).

(3) ICE;: sea ice cover index.

Modeling and statistical analyses
Correlation analysis

To determine the predictive value of abundance
indices representative of different early life stages,
we computed the correlations between the recruit-
ment (In(R;)) and each of the alternative indices
(In(SSBi-a), In(Ei,), In(Lis), In(NO,), In(NI1ia),
In(N2,_,.2), where a is the recruitment age).

To explore if and how the correlation between
recruitment and early life-stage abundance or envi-
ronmental indices varied over time, we computed
correlations between interannual variability in re-
cruitment and the different indices in 15 yr moving
windows and displayed the results graphically. That
is, we sliced the time-range into overlapping time-
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slots of 15 yr (years 1,...,15; years 2,...,16; ... ; years
(n — 14),..., n), computed the correlation for each
time-slot, and plotted the resulting series of correla-
tion coefficients against the mid-year of the time-slots.

Baseline and environmental recruitment models

To quantify the extent to which the incorporation of
environmental indices improved recruitment pre-
diction models, we focused on the survival from the
juvenile stage to recruitment. For results to be com-
parable across stocks, we selected the earliest avail-
able post-larval index for each stock, that is, NO, for
BS capelin, NEA cod, and NEA haddock and N1, for
GOA and EBS walleye pollock. We considered ordi-
nary least-squares linear regression models of the
general form (here exemplified with the NO, juvenile
index and a recruitment age of 3 yr, as for NEA cod):

ln(R,) =0y + Oq ln(NOt_g) + Bl ENV].[_:;

+ By ENV2, 3+ ... + & )

Here, NO; and R; are abundance indices as defined
earlier, ENV1,, ENV2,, ... are environmental indices
that might potentially influence recruitment (i.e.
TEMP,_3 and CODg3_g 3 for NEA cod and NEA had-
dock; TEMP, ; and HERy_,,; for BS capelin; SST, 4
and ATF, , for GOA walleye pollock; SST, 4, ICE, 4,
and PRED,_, for EBS walleye pollock), ay, o, By, B2, .-
are coefficients estimated from the data, and ¢, is an
independent and normally-distributed error term
with a mean of zero and a standard deviation of .
The parameter o is the intercept, 1 — o; quantifies
the strength of density dependence, and By, B,,...
quantify the environmental effects (e.g. Stige et al.
2010). Note that for simplicity, we assumed a log-
linear relationship between past and present cohort
size (a 'Gompertz' model). To check for strong depar-
tures from this assumption (e.g. reduced R; at high
NO,_; because of overcompensatory density depend-
ence), we inspected plots of model residuals vs.
In(NO,_3). As these residual diagnostics (not shown)
failed to reveal any systematic departures, we deemed
the model formulation sufficient for our purposes.

We compared 2 alternative formulations of the
model above. In the ‘baseline’ model, no environ-
mental covariates were included, so that the model
simplified to the following relation:

In(Ry) = 0 + 0y In(NO3) + €; (2)

In the ‘environmental’ model, the covariates were
selected using an information theoretic approach: we
started with a model with all terms included (Eq. 1),

then removed (or added back) terms one by one until
we found the model formulation that provided the
lowest value of Akaike's information criterion cor-
rected for small sample size (AICc; Hurvich & Tsai
1989).

Measuring hindcast strength

To measure the performance of the 2 alternative
model formulations, the baseline and the environ-
mental, we considered both hindcast and forecast
strengths. The hindcast strength of a model refers to
the degree to which the model can reproduce the
observed pattern in the response retrospectively,
whereas the forecast strength refers to its ability to
make accurate predictions for observations not used
when fitting the model. The contribution of the envi-
ronmental information to the hindcast strength was
measured by the difference in explained variance
(R?) between the baseline and the environmental
models, fitted to the maximum year range for which
both environmental and abundance information was
available for each stock (from 23 to 41 yr; see Table 3).
An F-test was used to test whether this difference in
R? was statistically significant (as this test required
nested models, the juvenile index was added back to
the environmental models prior to testing if this vari-
able had been removed during AICc selection). Fur-
ther, the difference in AIC- was used to indicate
which model provided the best compromise between
explanatory power and model parsimony. In princi-
ple, the difference in AIC. should also indicate which
model would make the best predictions for new
observations (Burnham & Anderson 2002), but that is
not necessarily correct if the model assumptions are
not met, for example, if the relationship between the
response and the predictors change over time (i.e. in
the presence of nonstationarity).

Measuring forecast strength

To assess the forecast strengths of the baseline and
environmental models, we computed 1 yr prior pre-
dictions using a sequential approach. We compared 2
approaches to forecast recruitment, one based on
juvenile indices (NO; or N1,) alone and one that con-
siders environmental information. For each year from
the 11th year onward for each stock, 2 regression
models were constructed based on the data from the
years collected up until that point. The first was the
‘baseline’ model (Eq. 2). The second was the ‘envi-
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ronmental’ model, with the terms selected based on
AICc. From each model, the next year's recruitment
was forecast, i.e. the 11th observation was predicted
based on the first 10 yr with observations, the 12th
observation based on first 11 yr, etc. The selection of
terms to be included in the environmental model was
repeated for each year. To reduce identifiability
problems, the model selection was modified slightly
from that described above (see ‘Baseline and envi-
ronmental recruitment models’), in that model selec-
tion started with a model with no predictors instead
of one with all terms. This way, we obtained 2 time
series of predictions, one from the baseline model
and one from the environmental model, which were
compared to the observations by calculating R?
(calculated as the correlation coefficient squared),
root-mean-square error (RMSE) and mean absolute
prediction error (MAPE). Both RMSE and MAPE
measure the 'typical’ differences between predicted
and observed recruitment, with RMSE being more
influenced by the extreme values. As the RMSE val-
ues were not normally distributed, a bootstrap test
was used to assess whether the difference in RMSE
between the 2 modeling approaches was statistically
significant from zero. We generated a bootstrap distri-
bution of the test statistic by sampling with replace-
ment the time series of predictions and observations
10000 times, each sample being of the same size as
the original series.

Only linear and additive effects of the environmen-
tal variables were considered in the statistical models
used to forecast or hindcast recruitment. Quantifica-
tion of nonlinear and nonadditive effects demands
long time series and was not feasible with the fore-
casting approach used here, starting with only 10 yr

of data on which to base the first prediction (see
above). Moreover, we wanted to assess to what
degree simple, linear approaches might still be help-
ful, even if the true effects of the environmental fac-
tors are likely to be considerably more complex than
modeled. The programming environment R was used
for all statistical analyses (R Development Core Team
2010). The R code and data used for the analyses are
available in an electronic supplement that accom-
panies the online version of the paper (see Supple-
ment at www.int-res.com/articles/suppl/m480p245_

supp/).

RESULTS
Use of egg and larvae surveys vs. juvenile surveys

Our examination of the hypothesis that measure-
ment at a late life stage should provide an equally
good or better prediction of recruitment than meas-
urements at earlier life stages revealed mixed results.
Estimates of recruitment for some stocks showed an
improved prediction when older ages of pre-recruits
were used, while for some other stocks, indices of
larval abundance were better predictors of recruit-
ment than later life stages (Table 2, Figs. 1 & 2).
Among the Barents Sea stocks, capelin supported our
hypothesis: the Age 0 index was more strongly corre-
lated with recruitment than was the larval index and
spawning stock biomass (Table 2, Fig. 1). However,
for NEA cod and NEA haddock, the larval index,
counterintuitively, was more strongly correlated with
recruitment than was the Age 0 index (Table 2, Fig. 1).
When looking at the whole series of indices for NEA

Table 2. Correlations between recruitment and early life-stage abundance indices for 5 fish stocks (see Table 1 for abbreviations).
Spawning stock biomass (SSB) quantifies egg production potential. The values are product-moment correlation coefficients,
calculated for the same years for each row in the table (except the first row for GOA walleye pollock). Correlations for different
year ranges are shown for some stocks because of limited overlap among time series (Table 1). *p <0.05, **p < 0.01, ***p <0.001

Stock Correlation coefficient n (years) Year range
SSB Eggs Larvae Age 0 Age 1 Age 2
NEA cod 0.42* 0.61** 0.61** 0.47* 25 1966-1990
0.67*** 0.50** 0.68***  0.70*** 27 1980-2006
NEA haddock 0.33 0.17 0.63***  0.46* 25 1966-1990
0.46* 0.78*** 0.56** 0.94*** 27 1980-2006
BS capelin 0.00 0.32 0.71*** 35 1973-2009
GOA walleye pollock 0.49** 0.19 0.49* 0.64*** 23-25 1979-2005°
0.41 0.07 0.45 0.54* 19 1982-2005°
EBS walleye pollock -0.31 0.72*** 0.48* 25 1981-2005
“Missing larval data for years 1980 and 1984 and missing Age 1 and Age 2 data for years 1982, 1987, and 1999. Only the
correlations in the second row for GOA walleye pollock are calculated for exactly the same years
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Fig. 1. Temporal change in the correlations between recruit-
ment and early life-stage abundance indices for (a) NEA
cod, (b) NEA haddock, and (c) BS capelin. Correlation coef-
ficients (r) were calculated for 15 yr moving windows cen-
tered at the x-axis values. The symbols indicate with which
early life-stage abundance index recruitment (In(R)) was
correlated (E: eggs, L: larvae, NO: Age 0, N1: Age 1, N2: Age
2; see 'Materials and methods' for details). Broken lines: r =
0. Stippled lines: r = +0.51. The 15 yr correlations larger than
+0.51 are statistically significant (p < 0.05, ignoring auto-
correlation)

cod and haddock, from spawning stock biomass, to
the egg, larval, and Age 0, 1, and 2 indices, there
seems to be a tendency toward stronger correlations
with recruitment for the later life stages, but with the
correlations for the Age 0 (and for haddock, Age 1)
indices being somewhat weaker than expected from
such a pattern (Table 2) and with the ranking of the
indices, in terms of their correlation with recruitment,
varying with time (Fig. 1).
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Fig. 2. Temporal change in correlations between walleye
pollock recruitment and early life-stage abundance indices

in the (a) Gulf of Alaska and (b) eastern Bering Sea. Corre-
lation details as in Fig. 1

In the GOA, walleye pollock recruitment was most
strongly correlated with the Age 2 index, followed by
the Age 1 index, spawning stock biomass, and the
larval index (Table 2). Fig. 2 supports this finding and
also shows that there is some variation in the correla-
tion of pollock life stage abundances and recruitment
over time. Our GOA pollock results thus mostly agree
with those of the BS capelin in that measurements
of later life stages provided better predictions of
recruitment (the exception being the lower correla-
tion when going from spawning stock biomass to the
larval index). In the EBS, we do not have larval pol-
lock data. However, we found that the Age 1 index
was strongly correlated with recruitment and, counter
to that expected, more strongly correlated with re-
cruitment than the Age 2 index (Table 2, Fig. 2).
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Temporal stability of correlations between
pre-recruit indices and recruitment

In all stocks examined, the correlations between
indices of pre-recruit abundances and recruitment
strength varied over time, with the relationship in
some stocks reversing sign (Figs. 1 & 2). For example,
for NEA cod in the Barents Sea, the Age 0 recruit-
ment correlation was stronger toward the start and
end of the period studied and non-significant in
the intervening period (Fig. 1a). In comparison, the
corresponding correlation for NEA haddock (Fig. 1b)
showed 2 periods with non-significant correlations
(around the early 1970s and 1990s), while that for BS
capelin was statistically significant throughout the
period studied (Fig. 1c).

For walleye pollock in the GOA and EBS, most cor-
relations between pollock early life stages and
recruitment varied considerably over time (Fig. 2).
The one exception was the correlation between
Age 1 pollock and pollock recruitment in the EBS
(Fig. 2b). That relationship was strong (correlation
coefficient > 0.5) for the duration of the time series. In
the GOA, walleye pollock showed a positive correla-
tion between larvae and recruitment in the 1980s,
but the correlation weakened and became negative
in the 1990s (Fig. 2a), a pattern similar to that found
by Bailey (2000).

Inclusion of environmental correlates in
hindcasts and forecasts

The results of applying linear regression models to
explain recruitment variation using juvenile indices,
with and without the addition of environmental cor-

relates, are presented in Table 3. In all cases, both
the R? and the AIC( of the model were substantially
improved with the addition of the environmental
correlates. With these encouraging results, we then
examined forecasts using a sequential approach to
compute predictions for mew’ observations not used
when fitting the model.

Barents Sea cod, haddock, and capelin

Environmental variables (TEMP for cod and had-
dock, HER; , for capelin) significantly improved
hindcasts for all 3 Barents Sea stocks tested (Table 3).
This was also true when the analysis was restricted
to the range of years for which forecast strength was
assessed (left-side columns in Table 4; here
also CODg3_g4, representing cannibalism, was selected
for cod). The strength of the correlations between
the environmental variables and recruitment varied
with time, however (Fig. 3), potentially reducing
the value of the environmental indices as predictors
of recruitment.

In the Barents Sea, forecasts of ‘new’ observations
from the 11th sampling year onward showed that
forecasts were significantly improved by utilizing
environmental information for the NEA haddock
(right-side columns in Table 4, Fig. 4). For this stock,
the inclusion of the environmental correlates re-
sulted in higher correlations between predictions
and observations (R? increasing from 0.44 to 0.64),
23 % lower RMSE, and 20% lower MAPE (Table 4).
For the NEA cod and the BS capelin, the inclusion of
environmental correlates resulted in no practical dif-
ference in forecast strength (<4 % change in RMSE
and MAPE; Table 4, Fig. 4).

Table 3. Contribution of environmental variables to the hindcast strength of statistical models describing the interannual fluc-
tuations in the recruitment to 5 fish stocks (see Table 1 for abbreviations). Baseline model: linear regression model with juve-
nile abundance index (NO; or N1, the only predictor. Environmental model: covariates (juvenile abundance and environmen-
tal indices) were selected using an information theoretic approach. Akaike's information criterion corrected for small sample
size (AIC(). AAIC: difference in AIC: between the baseline and the environmental model; negative values mean stronger sta-
tistical support of the environmental model. By considering environmental information, from 12.6 % (for BS Capelin) to 24.0 %
(for GOA walleye pollock), more of the variance in recruitment (R?) could be explained. *p < 0.05, **p < 0.01, ***p < 0.001; for
improvement in model fit by inclusion of environmental variables

Stock n (years) Baseline model R? Environmental model R? AAIC,
NEA cod 41 In(Ry,3) ~ In(INOy) 0.338 In(Ry3) ~ (NOt) +TEMP, 0.509 -9.9***
NEA haddock 41 In(Ry3) ~ In(INOy) 0.395 In(R;,3) ~ TEMP 0.620 -19.0***
BS capelin 37 In(Rs4) ~ In(NOy) 0.494 In(Rs, 1) ~ In(INO, ) +HER; 5, 0.616 -7.8**
GOA walleye pollock 23 In(Ry4) ~ In(N1)) 0.235 In(Rs,4) ~ In(N1,) + ATF; 0.475 -6.0**
EBS walleye pollock 25 In(Ry4) ~ In(N1)) 0.524 In(Ry4) ~ In(N1,) + PRED, + ICE, 0.671 -3.8*
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Table 4. The contribution of environmental variables to both hindcast and forecast strengths of recruitment models for 5 fish
stocks (see Table 1 for abbreviations). Hindcast strength: results of linear regression models as in Table 3, but excluding the first
10 yr (note resulting smaller sample size compared to Table 3). The predictor variables selected in the environmental models
differed from Table 3 in that COD;_s, and In(N;) were selected as additional variables for NEA cod and haddock, respectively,
while ATF,and PRED, were not selected for GOA and EBS walleye pollock, respectively. Forecast strength: results of linear re-
gression models as in Table 3, used to make 1 yr prior predictions from Year 11 onwards. Figs. 4 & 6 show which variables were
selected for the environmental model for each year and stock. R% explained proportion of variance. RMSE: root-mean-square
prediction error. MAPE: mean absolute prediction error. Lower RMSE and MAPE values are better. (*)p < 0.10, *p < 0.05, **p
< 0.01, ***p < 0.001; for improvement in model fit or predictions by inclusion of environmental variables (hindcast: F-test,
forecast: bootstrap test)

Stock Hindcast strength Forecast strength n
Baseline Environ. Baseline Environ. (years)
model model model model
NEA cod R? 0.33 0.63 0.17 0.35 31
RMSE 0.50 0.37*** 0.57 0.55
MAPE 0.41 0.27 0.45 0.44
NEA haddock R? 0.60 0.73 0.44 0.64 31
RMSE 0.81 0.67** 1.01 0.78*
MAPE 0.64 0.53 0.81 0.65
BS capelin R? 0.46 0.52 0.39 0.38 27
RMSE 1.02 0.96(%) 1.17 1.19
MAPE 0.81 0.79 0.92 0.97
GOA walleye pollock R? 0.47 0.47 0.40 0.34 13
RMSE 0.62 0.62 0.97 0.85
MAPE 0.51 0.51 0.84 0.75
EBS walleye pollock R? 0.66 0.75 0.65 0.63 15
RMSE 0.39 0.33(%) 0.45 0.44
MAPE 0.33 0.24 0.39 0.38

Gulf of Alaska and eastern Bering Sea walleye pollock

In developing the best model for hindcasting and
forecasting walleye pollock recruitment in the GOA,
we examined the value of 2 environmental indices, a
predation index that was Age 3+ arrowtooth flounder
abundance, and an index of SST. The correlation
between recruitment and the predation index varied
considerably over time, while the correlation be-
tween recruitment and temperature started with a
positive relationship that gradually weakened and
became negative (Fig. 5a). The correlation between
EBS pollock recruitment and all initial environmental
indices also varied considerably over time (Fig. 5b).
The sea ice cover index was positively correlated
with recruitment, whereas the correlation between
temperature and recruitment was at first positive and
then became negative. The correlation between pre-
dation and recruitment was relatively strong and sta-
ble until the early 1990s and subsequently decreased
(Fig. 5b).

In the GOA, the addition of environmental vari-
ables (specifically, ATF) improved the hindcasts of
walleye pollock recruitment (Table 3), although not
when tested on the more restricted year range, when
no environmental variables were selected (Table 4).
Forecasts of GOA walleye pollock recruitment with

and without the inclusion of environmental corre-
lates show that, by accounting for environmental
information, our predictions of pollock recruitment
were generally closer to the observed values for the
last years of the present study. For the earlier years,
the forecasts were identical because no environmen-
tal covariates were selected in the ‘environmental’
model (Fig. 6). This finding is supported by the (non-
significantly) 12 % lower RMSE and the 11 % lower
MAPE in the model with environmental predictors
(Table 4).

Similar to that observed for species in the other
ecosystems, environmental indices (specifically,
PRED and ICE) improved the hindcasts of walleye
pollock recruitment in the EBS (Table 3). This was
also the case when tested on the more restricted year
range (but here, only SST was selected among the
environmental variables; Table 4). Forecasts of EBS
walleye pollock recruitment using indices of Age 1
abundance, with or without environmental corre-
lates, showed a strong match in both the pattern and
the magnitude with observed recruitment values
(Fig. 6, Table 4). As for the NEA cod and the BS
capelin, the inclusion of environmental correlates
resulted in no practical difference in forecast
strength, neither to the better nor the worse (<4 %
change in RMSE and MAPE).
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Fig. 5. Temporal change in correlations between walleye
pollock recruitment and environmental indices in the (a)
Gulf of Alaska and (b) eastern Bering Sea. SST: sea surface
temperature, ICE: ice cover index, ATF: Age 3+ arrowtooth
flounder abundance, PRED: aggregated predator index.
Further details as in Fig. 1

Predictive value of larval compared to
juvenile abundance indices

Our findings show that different life-history stages
predict recruitment better in different populations.
Indices of the abundance of older life-history stages
in some cases (BS capelin, GOA walleye pollock), but
not all (NEA cod, NEA haddock, and EBS walleye
pollock), provided better bases for predicting recruit-
ment than earlier life-history stages such as indices of
egg or larval abundance. Low correlation between
the recruitment and the larval index for the BS
capelin is consistent in particular with variable pre-
dation by immature herring on capelin larvae (e.g.
Hjermann et al. 2004). This low correlation is proba-
bly not only due to noise. In a regression analysis
using the same larval index, it was found that 64 % of
its variability could be explained by capelin stock
size and indices of prey (zooplankton) and predators
(cod, feeding on the spawners, and herring, feeding
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Fig. 6. Observed recruitment time series and recruitment

forecast from pollock early life-stage abundance (Age 1) and

environmental indices in the (a) Gulf of Alaska and (b) east-

ern Bering Sea. Models and variables as detailed in Tables 3

& 4. The horizontal lines near the lower end of each panel

indicate when each variable (Age 1 and environmental)
entered the environmental models

on the larvae) (Stige et al. 2010), suggesting that the
index indeed contains a biological signal. Likewise,
low correlation between the recruitment and the lar-
val index for the GOA walleye pollock is consistent
with high and variable juvenile mortality in this sys-
tem (Bailey 2000). This finding is in agreement with
the results of Bailey et al. (2005), who showed that,
over the range of population abundances available at
the time, there was no correlation between estimated
natality (egg abundance) and recruitment and that
the relationship between recruitment and estimates
of stage-specific abundances from life tables (some
values were interpolated) became stronger for the
older predictor variables. The authors found a weakly
positive correlation of recruitment with estimated
late-stage larval abundance, and the strength of the
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relationship increased for Age 0 abundance and
Age 1 abundance. These results matched our a priori
expectations, as the forecast should improve with
both more accuracy and precision as the forecast tar-
get gets closer in time to the predictor variable (Brad-
ford 1992).

For 3 of the 5 stocks examined in our study, NEA
cod, NEA haddock, and EBS walleye pollock, the
abundances of earlier life stages were better pre-
dictors of recruitment strength than were the abun-
dances of later life-history stages. Analyzing the
same data for NEA cod to determine when the signal
in vyear-class strength could first be detected,
Mukhina et al. (2003) reported that the largest im-
provement in explanatory power came when going
from the spawning stock biomass to the egg stage
and suggested that the lower predictive power of
later life stages was caused by higher measurement
error after the larval stage. According to Mukhina et
al. (2003), the signal in year-class strength of NEA
cod was thus often determined during the earliest
life-history stages (i.e. as eggs), enabling early fore-
casts of recruitment. Also, Helle et al. (2000) found
that an index of ‘early juveniles' (~3 mo olds) was
more strongly correlated with NEA cod recruitment
than was an Age 0 index (~5 mo olds). The Age 0 cod
may have begun to settle to the bottom at the time of
the pelagic 0-group survey in August and September
in the Barents Sea and may thus not have been fully
available to the sampling gear (Mukhina et al. 2003).
In fact, an Age 0 index calculated from demersal
trawls in October to December provided better re-
cruitment predictions than the pelagic Age 0 index
(Mukhina et al. 2003), as did the acoustic Age 1 index
for January to March (Table 2). Other possible causes
of high measurement error for Age 0 cod include in-
complete spatial coverage of the survey and school-
ing behavior (Helle et al. 2000). Likewise, the lower
predictive power of Age 2 EBS walleye pollock may
have been caused by higher measurement error of
this life stage than for Age 1 fish. Age 2 pollock are
thought to school higher in the water column, while
Age 1 fish are primarily located on the bottom and
available to the bottom trawl survey (Duffy-Ander-
son et al. 2003). Our findings suggest a need for cau-
tion when assuming that abundance indices of later
life stages always provide better predictions of
recruitment than earlier life stages. Our work shows
that the opposite is frequently the case, most likely
because older life stages may be more difficult to
measure due to, for example, wider geographical
and vertical distributions, aggregative behavior, and
net-escapement behavior.

Consistency of correlations between juvenile
indices and recruitment

In all but 2 stocks investigated (EBS walleye pol-
lock and BS capelin), the relationship between the
best index of pre-recruit abundance and the abun-
dance of recruits varied strikingly over time. In other
words, we found that the best life stage to use as
a predictive indicator of eventual recruitment may
change over time. One reason for such a change is
that the predictive value of a given pre-recruit index
can be modified by changes in the mortality during
the subsequent life stages.

In the GOA, we found a positive correlation be-
tween pollock larvae and recruitment in the 1980s,
but the correlation weakened and became negative
in the 1990s. Bailey (2000) also investigated the rela-
tionship between different pre-recruit life-history
stages and recruitment in GOA walleye pollock. He
showed that, prior to 1989, larval mortality was
inversely related to recruitment at Age 2 for the 1981
to 1988 year classes, but after 1988, larval mortality
and recruitment became decoupled. He attributed
this shift to a gradual trend of increasing juvenile
mortality, which eventually surpassed the larval
mortality. The increasing mortality of juveniles was
presumed to be linked to a trend of increasing preda-
tion potential in the ecosystem, most closely associ-
ated with a dramatic increase in arrowtooth flounder
Atheresthes stomias.

For the NEA cod in the Barents Sea, the Age 0
recruitment correlation appeared to break down for a
period around the 1980s. One possible reason for this
breakdown is the effect of cannibalism. Consistent
with this hypothesis is the finding that NEA cod
spawning stock biomass was correlated with calcu-
lated Age 1 but not Age 3 abundance in a virtual
population analysis with cannibalism included (Yara-
gina et al. 2009). This result indicated that cannibal-
ism, particularly on 1 to 2 yr olds, affected the year-
class strength. However, counter to this hypothesis,
analyses of stomach contents suggested that the
levels of cannibalism on Age 1 to Age 3 cod were not
particularly high in the 1980s (compared to high
levels from 1947 to 1965 and then again in the 1990s;
Yaragina et al. 2009).

The changing correlations should be interpreted
with considerable caution because they are likely to
reflect both biological and sampling issues, as catch-
ability is likely to have varied over time. For example,
the increasing correlation between the recruitment
and the Age 2 index for the EBS walleye pollock
seems unlikely to have a demographic basis, as the



Stige et al.: Predicting fish recruitment from juvenile abundance 257

correlation between the recruitment and the Age 1
index was consistently strong in the same period. For
the NEA cod and haddock, the correlations with egg
and larval indices showed similar trends as the cor-
relations with the Age 0 indices, supporting the
hypothesis of a biological basis—a basis that should
be considered for further research.

The value of using environmental correlates
to predict recruitment

A fisheries management perspective

Although few stock-assessment working groups
have developed predictions of recruitment based on
a combination of stock and environmental variables,
there appears to be a growing trend in the number of
such models (ICES 2011). Our results support the
findings of several previous studies that environmen-
tal variables contribute significantly to explaining
recruitment variation retrospectively, both in the
BS (e.g. Ottersen & Sundby 1995, Mukhina et al.
2003, Dingser et al. 2007, Stige et al. 2010), the GOA
(Duffy-Anderson et al. 2002, Ciannelli et al. 2004,
Bailey et al. 2005), and the EBS (Mueter et al. 2006,
2011). Fewer studies have assessed if environmental
variables improve predictions of future recruitment
(but see e.g. MacKenzie et al. 2008, Zabel et al.
2011). We found that inclusion of environmental vari-
ables in some of our study cases improved recruit-
ment forecasts considerably and in the remaining
cases had only minor influence on the accuracy of
the forecasts. The incorporation of environmental
variables into models for predicting recruitment 1 yr
ahead improved forecasts of recruitment for NEA
haddock and GOA walleye pollock, although the
improvement was only statistically significant for
NEA haddock.

Fisheries managers may use forecasts of recruit-
ment a few years ahead to set catch limits that buffer
some of the effects of the interannual variability
in productivity. For fishermen, abrupt changes in
catches are clearly undesirable. In the harvest control
rule for the NEA cod, for example, the total allowable
catch (TAC) is set based on the stock forecasts, tak-
ing into account the predicted recruitment of 3 yr
olds 3 yr ahead, with the constraint that the TAC
should change by no more than 10 % from the previ-
ous year (ICES 2010). The NEA haddock is managed
using a 1 yr forecast with the constraint that the TAC
should change by no more than 25% from the pre-
vious year (ICES 2010). Under such a scheme, im-

provements in forecast strength by use of environ-
mental information, as shown here for the NEA had-
dock, can potentially improve the quality of the
advice and reduce the uncertainty in setting the
TAC. Note that such short-term predictions do not
necessarily require predictions of environmental
conditions, as the predictions can be based on cur-
rent environmental conditions within the 3 yr fore-
cast window.

Use of environmental information in recruitment
forecasts can also potentially increase the average
catches in the fisheries and reduce the risk of over-
exploitation, especially for short-lived species with
strong links between environmental conditions and
recruitment (De Oliveira & Butterworth 2005). How-
ever, if recruitment-environment correlations are
weak, accounting for environmental information may
lead to more uncertain and variable recruitment pre-
dictions and to lower average catches (De Oliveira &
Butterworth 2005). While our modeling accounted for
some of the uncertainties arising from using environ-
mental information to predict recruitment, the full
implications of using such predictions in a manage-
ment context remains to be assessed. In particular,
there is a need for studies that simulate alternative
management actions to evaluate both the potential
gains and risks of different approaches (e.g. Roel et
al. 2004, De Oliveira & Butterworth 2005).

Unstable recruitment—environment correlations

Despite the moderately positive results that we
found, there are also disadvantages in the use of
environmental information to predict recruitment.
Reviewing published recruitment—environmental
correlations that were retested when more data had
become available, Myers (1998) found that few of
the established correlations remained significant.
There were a few exceptions, such as temperature—
recruitment correlations toward the edges of the
distribution ranges of species, which generally were
robust.

Inconsistent correlations between the environ-
mental indices and recruitment may have contributed
to reduce the predictive value of the environmental
variables in the present study. The recruitment—
environment correlations for nearly all of the fre-
quently selected environmental variables in the fore-
cast models were found to cycle in and out of
statistical significance: HER; , for BS capelin, TEMP
for NEA cod and haddock, PRED and ICE for EBS
walleye pollock, and ATF;, for GOA walleye pollock.
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It may be noted that the recruitment-temperature
correlation for NEA haddock was among the more
stable ones, being significant except from the very be-
ginning of the period studied. Also, this was the only
stock for which the environmental indices significantly
improved the forecast for the time series as a whole.
Our results regarding the changing relevance of tem-
perature for the recruitment of the NEA cod in the
Barents Sea are consistent with results of Ottersen et
al. (2006), who proposed the finding to be caused by
increased sensitivity of age-truncated stocks to climate
fluctuations. In a recent meta-analysis of 42 North At-
lantic fish stocks, Ottersen et al. 2013, this Theme Sec-
tion) found that non-stationarity in the relationship
between spawning stock biomass, temperature, and
recruitment is the rule rather than the exception, but
that age-truncation in general is not linked to changes
in recruitment dynamics.

Nonlinear and nonadditive environmental effects

Nonlinear and nonadditive effects of environ-
mental factors on juvenile survival are likely to have
reduced the forecast value of the environmental
indices when using the simplistic approach chosen
in the present study. This can be exemplified by the
GOA walleye pollock. Zhang et al. (2010) made
Age 4 GOA pollock recruitment forecasts that ac-
counted for the effects of Age 1 abundance, thresh-
old effects of arrowtooth flounder biomass that
became important when arrowtooth flounder be-
came the dominant biomass species in the ground-
fish community, and autocorrelation terms that may
be related to inter year-class effects. These authors
found that strong, nonlinear threshold effects of
environmental variables on pollock recruitment im-
proved the amount of variability accounted for to
81 %, more than accounted for by the Age 1 abun-
dance alone (31%). Our results did not show the
same improvement in explaining GOA pollock re-
cruitment when environmental correlates were added.
We suspect that our modeling framework contributes
to the discrepancy in our results. Our environmental
model did not account for nonlinear or threshold
effects. The importance of nonlinear and nonstation-
ary interactions will challenge those wanting to
use environmental correlates in assessment models.
However, their incorporation will be necessary if we
are to improve our ability to account for the effects of
demographic and environmental variables on the
dynamics of fish populations (Rothschild 2000, Duffy-
Anderson et al. 2005, Litzow & Ciannelli 2007).

Simple models of complex dynamics

Our study exemplifies that correlations between
recruitment and both environmental and early life-
stage abundance indices may cycle in and out of
significance. For example, temperature may be an
important factor for explaining recruitment varia-
tions for a while, and then this effect becomes over-
whelmed by effects of an increase in the abundance
of predators. Similarly, an increase in predation on
juveniles can lead to a weaker link between larval
abundance and recruitment (Bailey 2000). Thus,
there are periods when the population seems respon-
sive to some variables, but then the dominance
seems to shift to other variables. The shifting impor-
tance of environmental factors may be due to shifting
importance of the life stage they are influencing (as
exemplified by the changing correlations between
the various pre-recruit indices and recruitment in the
present study), changes in the magnitude of the envi-
ronmental factor (here exemplified by the increasing
dominance of arrowtooth flounder in the GOA), and
indirect or interacting effects (here exemplified by
the arrowtooth flounder effect in the GOA likely
being threshold-like rather than linear). The results
thus reflect the complexity in specific responses to
ecosystem changes. For most marine species, the
available time series are too short to understand the
full complexity of the many interacting factors that
influence recruitment. Long time series are also
needed to detect the effects of slowly changing envi-
ronmental variables. Recent studies have demon-
strated nonlinear changes in the Bering Sea ecosys-
tem dynamics (Hunt et al. 2011) and a combination of
a gradual increase in predator abundance and non-
linear interaction effects of predators and tempera-
ture on pollock recruitment in the Gulf of Alaska
(Zhang et al. 2010). Given the simplistic approach
taken in the present study, predicting recruitment
from linear regression models fitted to short time
series, the moderately positive results regarding the
value of using environmental information is encour-
aging. In short, our results show that even if marine
systems are complex, even simple attempts at using
environmental information to predict fish recruit-
ment may be better than ignoring such information.
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Appendix 1. Sources and manipulation of abundance data for the BS stocks

NEA cod and NEA haddock

SSB;and R; were estimated by virtual population analysis
based on catch data (Table 1). The E; and L, indices (given
by Mukhina 1992) were constructed based on egg and lar-
val data collected by surveys by the Knipovich Polar
Research Institute of Marine Fisheries and Oceanography
(PINRO), Murmansk, as described by Mukhina et al.
(2003). NO; was calculated from Age 0 data sampled by
international O-group surveys in the Barents Sea (ICES
2007, 2010). Several alternative indices of Age 0 abun-
dance have been computed, but none that cover the entire
year range. For 1980 to 2009, we defined NO; as NOgew:
where NOy ., is the most recent index (given in Table 1.2
of ICES 2010) that corrects for catching efficiency but has,
to our knowledge, not been calculated for years prior to
1980. To increase the temporal overlap with the egg and
larvae indices, we therefore calculated NO, for 1966 to
1979 from the so-called 'logarithmic’ Age 0 index (here
referred to as NO, ) that has been published for 1966 to
2004 (ICES 2007). The conversion equation was calculated
by ordinary least-squares regression on log-transformed
data for the 25 overlapping years—cod: In(NO,_pey,) = 23.9 +
1.817 In(NOpqq + 0.01), haddock: In(NOpey) = 23.2 + 1.445
In(NO.qq + 0.01); R? = 0.83 and 0.81, respectively; log-

transformation of predictors improved fit and removed cur-
vature in residuals-fitted plots. Finally, N1, and N2, were
calculated from Norwegian acoustic surveys in the Barents
Sea (ICES 2010).

BS capelin

SSB; and R; were estimated from September to Octo-
ber acoustic surveys (Table 1). L; was constructed by
combining an index based on data collected by PINRO
for 1959 to 1990 (Mukhina 1992, Mukhina et al. 2003;
here denoted L;py) and an index based on Norwegian
surveys for 1981 to 2009 (ICES 2010; here denoted
Linor). For 1981 to 2009, we used L; = Lo, for 1959 to
1980, we used In(L;) = 28.3 + 0.547 In(L.pys + 0.01), the
conversion equation calculated by least-squares regres-
sion for the 10 overlapping years (R? = 0.69). NO, was
constructed similarly to above, by linking the NO ey
for 1980 to 2009 (Table 1.2 in ICES 2010) with the
other index available for capelin, the so-called ‘area-
index’ (here denoted NO;.,4), which covers 1965 to 2004
(ICES 2007), using the following conversion equation:
In(NOppew) = 15.9 + 1.679 In(NO.qq) (R? = 0.87, n = 27
overlapping years).
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ABSTRACT: The decline of the North Sea cod Gadus morhua has been attributed to both overfish-
ing and ocean warming. However, another hypothesis is that overfishing of piscivorous cod has
caused an increased abundance of formerly predatory-controlled pelagic fish including herring
Clupea harengus, which in turn has suppressed the recruitment of cod through predation on the
early life stages of cod. Here we analyze 40 yr of trawl survey data in order to explore how the
abundance of young herring affects cod recruitment, and how cod biomass affects the abundance
of herring. In both cases we also take into account the effects of spawner biomass (of cod and her-
ring, respectively) and sea temperature. We take a novel, explicitly spatial, approach by analyzing
these effects on a local (185 x 167 km) scale. Our results indicate large spatial variability in eco-
logical mechanisms. In the German Bight, high cod recruitment is associated with low herring
abundance, low temperatures and high overall cod spawner biomass. This area used to contain a
large portion of the cod recruits, and there is a strong correlation between the fraction of cod
recruits found in this area and overall recruitment. In this area, herring recruitment is also nega-
tively associated with the abundance of large cod. Thus, for this part of the North Sea, our findings
are consistent with a reversal of dominance between cod and herring; however, herring may
affect the cod by competition rather than by predation.

KEY WORDS: Interspecific interaction - Ecosystem dynamics - Cultivation effect - Predator-prey
reversal - Spatial heterogeneity - Warming
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INTRODUCTION

The complex interplay between the species in an
ecosystem creates the potential for complex behav-
iour, including multiple stable states (May 1977).
One typical mechanism for such a situation is that
per-capita recruitment declines when the population
becomes small, known as the demographic Allee
effect (Courchamp et al. 2008). As large adults,
predatory fish like cod Gadus morhua eat small

*Email: d.o.hjermann@bio.uio.no

pelagic fish like herring Clupea harengus, but in
turn, pelagic fish may also prey upon and compete
with the smaller, early life stages of their predators. A
high biomass of adult predators keeps down species
that may be predators/competitors of its eggs and lar-
vae in size-structured ecosystems; this has been
termed the ‘cultivation effect’ (Swain & Sinclair 2000,
Walters & Kitchell 2001). When harvesting reduces
the abundance of predators, natural mortality of its
young life stages may increase, leading to a feedback

© Inter-Research and Fisheries and Oceans Canada 2013 -
www.int-res.com
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loop that may hamper or delay recovery of fish stocks
after overfishing (de Roos et al. 2003, Frank et al.
2011, Richardson et al. 2011).

While ecosystem models often disregard space,
ocean ecosystems are spatially heterogeneous, both
because of spatially varying conditions (depth, tem-
perature, bottom habitat, etc.) and because of the
movements of organisms (e.g. fish typically have par-
ticular spawning, nursery and feeding areas). There-
fore, we expect that the interactions among species
change spatially. The most obvious case is that pred-
ators and prey will only interact when and where
they overlap, but other spatially varying factors may
also affect predator—prey overlap: the availability of
alternative prey, competition among predators, and
the size of predators and prey during the season
when they overlap. The North Sea (NS) is an exam-
ple of a spatially heterogeneous ocean, with spatially
varying bottom depths, temperatures and fish com-
munities. Overall, the abundance of cod, both spawn-
ers and recruits, has declined steadily in the NS since
the 1960s. Two reasons for this decline are commonly
regarded as plausible (Fig. 1). First, overfishing has
depleted the adult (spawning) stock of cod (Cook et
al. 1997, Horwood et al. 2006). Secondly, the NS has
warmed substantially in recent decades, and high
temperatures are associated with low recruitment of
NS cod (e.g. Planque & Frédou 1999, Olsen et al.
2011). One mechanism for the negative effect of tem-

Fishing (high)

/\

Recruits SSB

A \ Less /

C. finmarchicus

t

Warmer climate

: }

Increased
przggt;o:n(é?ot:od More Decreased
competition with « = herring « = predatlpn
on herring

cod larvae

Fig. 1. Proposed mechanisms for the decline of North Sea
cod Gadus morhua since the 1960s. Relatively direct mecha-
nisms (solid lines) include the negative effect of high fishing
mortality on the spawning stock biomass (SSB) and the neg-
ative effect of a warmer climate, via a decrease in the young
cod's key prey Calanus finmarchicus, on recruitment. A
more indirect mechanism involves the interactions between
cod and herring Clupea harengus (dashed lines)

perature could be the associated change in species
composition and seasonality of zooplankton, which
may have led to decreased survival of cod larvae
(Beaugrand et al. 2003, Durant et al. 2005, Olsen et
al. 2011). The 2 hypotheses of NS cod decline—over-
fishing and increased temperatures—are not mutu-
ally exclusive (Fig. 1; Durant et al. 2005, Olsen et al.
2011); on the contrary, there is some evidence that
they may even exacerbate each other's effects (Bran-
der 2005, Kirby et al. 2009). The possible generality
of such synergistic effects has been scrutinized by
Ottersen et al. (2013, this volume). A third mecha-
nism may be that herring play a crucial role in limit-
ing the recruitment of cod, through predation on, or
competition with, cod eggs and larvae (Minto &
Worm 2012). The predation mechanism has been dis-
cussed since the 1970s, as a period of exceptionally
high recruitment years of cod and other gadoids (the
‘gadoid outburst’), which started at approximately
the same time that the stock of NS herring began to
decline (Cushing 1980). Recently, both Fauchald
(2010) and Speirs et al. (2010) have argued in favour
of this mechanism. Furthermore, the former author
suggested that intensive harvesting of cod has re-
leased herring from predator control, the result
being a positive feedback loop resulting in hysteresis
(Scheffer et al. 2001, Beisner et al. 2003), but that the
continued harvesting of herring might prevent the
system from changing completely into a pelagic-fish-
dominated state.

Ecosystem changes following strong reductions in
predatory fish have been suggested for other marine
areas. In the Baltic Sea, Koster & Mollmann (2000)
found, from stomach samples, that herring and sprat
Sprattus sprattus eat large amounts of cod eggs. In
the Baltic, there is a large temporal overlap between
cod spawning and herring and sprat feeding, and cod
eggs are found concentrated in a narrow depth range.
Sprat dominated total consumption, but mostly due
to their much larger biomass (the per-capita con-
sumption of herring is about one-third lower than
that of sprat). Another cascading effect of predator—
prey control may also be in action in the Baltic: as cod
has decreased, sprat numbers have increased as a
result of lower predation pressure, which has con-
tributed to a reduced abundance of Pseudocalanus
acuspes, a key prey for larval cod (Moéllmann et al.
2008). Additionally, on the eastern Scotian shelf, a
former cod-dominated ecosystem, overfishing of cod
and other benthic fishes triggered a trophic cascade
by releasing zooplanktivorous fish from predatory
control, leading to a system characterized by a large
abundance of pelagic fish and macroinvertebrates
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(including crabs and shrimp) and poor productivity of
cod and other benthic fishes (Frank et al. 2005). How-
ever, recently, the ecosystem appears to be returning
to a benthic fish-dominated state (Frank et al. 2011).
The Black Sea is another case in which the removal
of predatory fish has been suggested to cause large
system changes; analyses by Llope et al. (2011) sug-
gested that the overfishing of predatory fish eventu-
ally pushed the food chain into an alternative state
with a large abundance of ctenophores and a low
abundance of zooplankton. In both the Baltic and
Black Seas, however, substantial changes in envi-
ronmental conditions, including water tempera-
ture, salinity and phosphorous levels have also had
significant effects on the system, interacting with
trophodynamic factors (Mollmann et al. 2008, Llope
et al. 2011); only in the case of the eastern Scotian
shelf does the effect of environmental changes
appear to have been relatively small (Frank et al.
2011).

In this paper, we analyzed the concurrent effects of
stock size, temperature and herring abundance on
cod recruitment on smaller spatial scales (rectangles
of approximately 185 x 167 km) than have been
considered in previous analyses. NS cod is a spatially
structured population (Wright et al. 2006, Heath et al.
2008), making it paramount to take into account the
spatial aspects of ecosystem processes (Ciannelli et
al. 2013, this volume). Also, in order to investigate
whether hysteresis is at play, we explored factors that
may affect local herring recruitment, including the
possible top-down effect of cod on herring. With this
approach, we were better able to pinpoint how envi-
ronmental and trophodynamic effects vary through-
out the NS ecosystem, which may be an important
step towards a more complete understanding of the
ecosystem. Migration of adults and drift of eggs and
larvae were not explicitly incorporated in the analy-
ses, as these patterns may vary substantially between
years (e.g. Bartsch et al. 1989); however, the results
are interpreted in light of existing knowledge of
these patterns.

MATERIALS AND METHODS
Database

The basis for our analysis were data on fish abun-
dance from the International Bottom Trawl Survey
(IBTS), Quarter 1 (i.e. January to March), down-
loaded from http://datras.ices.dk. We used data for
each haul but analyzed them using the IBTS grid,

which consists of rectangles of 1° longitude (53 to
70 km, increasing towards the south) by 0.5° latitude
(66 km), hereafter denoted ‘grid cells’ (ICES 2010)
across the North Sea (mean grid cell area: 3435 km?,
total grid cell area: 663 000 km?). We used data from
1971 to 2010, as age determination of sampled cod
started in 1971. The IBTS started out as a young her-
ring survey using herring gear, but gradually changed
to using more multipurpose gear (ICES 2010). Stan-
dard gear has been used since 1984, while 10 addi-
tional gear types were used before this time. Data
from the 6 least common gear types were ignored.
For the other 4 non-standard gears, we calculated the
catch ratio between hauls of non-standard and stan-
dard gear in the same year located <200 km apart,
and applied linear regression to log(catch ratio) as a
function of distance (in km) and number of days
between hauls. In the cases where the intercept of
these regressions tended to systematically be <1 or
>1, we used the intercept estimates to adjust fish
abundance (for details, see Supplement 1 at www.
int-res.com/articles/suppl/m480p263_supp.pdf). The
data were tabulated both by age and length. The bio-
mass of mature fish was calculated as the fish abun-
dance x mean fraction mature x mean weight for
each age, summed over all ages (data on maturity
and weight are from ICES 2011la,b). Sea surface
temperature (SST) was retrieved from the COADS
database with 1° x 1° spatial resolution and monthly
temporal resolution (NOAA 2011). From these data
we used the mean spring temperature (March to
May, i.e. egg and larval stages of cod; Heath et al.
2008) using linear interpolation to quantify the tem-
perature of the centre of each grid cell.

Spatially resolved regression analyses

We made 2 sets of analyses of abundance varia-
tions on a local scale, which we defined to be areas of
3 x 3 IBTS grid cells, hereafter denoted ‘subareas’
(mean size: 185 x 167 km): (1) variations in local cod
recruitment as a function of the biomass of cod
spawners, SST and the abundance of young herring
and (2) variations in local herring recruitment as a
function of the biomass of herring spawners, SST and
the abundance of large cod. We analysed subareas
centred on every grid cell in the dataset (subareas
were thus overlapping). When parts of the 3 x 3 grid
were on land or outside the study area, these parts
were simply disregarded. We used only subareas
with at least 4 grid cells of data, and where at least
15 yr of data were available.
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Analyses of local cod recruitment

For every subarea a we performed 3 regression
analyses with the subarea’s median cod recruitment
(Age 1 cod: CodAgel) as the response variable. In the
first analyses, we let the predictor variables be the
biomass of cod spawners (cod >50 cm: CodMature),
SST and the abundance of herring that could be
predators of cod eggs and larvae or competitors of
cod juveniles. For herring as a predator on cod eggs,
the literature is equivocal on which size or age group
of the herring eats the most cod eggs. Last (1989)
found the predation of herring to generally peak in
the 15 to 19 cm interval in spring, largely correspon-
ding to Age 1 herring. As this also is the age group
that would be expected to compete most with the cod
larvae and juveniles later in the season (they both
feed on small zooplankton), we chose the abundance
of Age 1 herring in the cod's spawning year as a
potential explanatory variable. We used the mean
over the subarea for all predictor variables, and all
abundance variables were log-transformed.

Cod recruitment was modelled using generalized
additive models (GAM). This is a kind of regression
model similar to multiple linear regression, except that
it allows the effects of each explanatory variable on
the response variable to be either linear or non-linear
(Wood 2011). We used the mgcv library of R, which
utilizes the generalized cross validation (GCV) criterion
to decide whether each effect is linear or not and, in
the latter case, the smoothness of the non-linear effect.

In the first analysis, we assumed that recruitment
(the number of Age 1 cod in a given year) was
dependent on the local biomass of cod spawners, the
temperature and herring abundance in the cod's
spawning year (i.e. in the year before):

CodAgel, .1 = s(CodMature, ;) + s(SST, )
+ s(HerrAgel,;) + €, (1)

where a is a single subarea and t denotes years (all
years with available data), HerrAgel is the abun-
dance of Age 1 herring, and ¢ is a normally distrib-
uted error term (as mentioned, abundance data were
log-transformed). 's(X)" denotes a non-linear spline
function of X, or a linear function of X, in which case
s(X) = slope x X. To avoid overfitting we constrained
each spline function to have a maximum of 2 degrees
of freedom (i.e. k = 3; Wood 2011). The second
regression analysis was similar, except that we
replaced the local biomass of cod spawners (CodMa-
ture, ;) with the biomass of cod spawners in the entire
NS (CodMatureTot,):

CodAgel, .1 = s(CodMatureTot;) + s(SST, ;) +
s(HerrAgel, ) + €4 (2)

The motivation for this is that cod eggs and larvae
drift for a period, so recruitment does not depend on
biomass of spawners in a larger area, while we still
expected the effect of temperature and predation
from herring to be local. In the third regression
analysis, we wanted to specifically analyse short-
term variation. This analysis was similar to the sec-
ond one, except that all variables were detrended to
remove the effect of long-term trends in the data
series:

CodAgelD,;,, = s(CodMatureTotD;) +
S(SSTD, ;) + s(HerrAgeD1,) + €, 3)

where the D at the end of the variable names indi-
cates that the variable was detrended, i.e. replaced
with the residual after a linear regression between
the original variable and year. Detecting effects in
the short-term variation would also constitute quite
strong evidence, but as detrending removes much
of the variation in both predictor and response
variables, the power of the analysis decreases sub-
stantially (i.e. it is more likely that p-values are
>0.05 even though there is a real causal relation-
ship).

In all 3 cases, we performed a model selection
procedure independently for each subarea, choos-
ing the model (i.e. the subset of the 3 explanatory
variables) with the lowest corrected Akaike's in-
formation criterion (AIC,) that also showed p < 0.05
for all variables.

Analyses of local herring recruitment

The analyses of herring recruitment were almost a
mirror image of the analyses of cod recruitment: in
Eqgs. (1) to (3) we replaced cod recruitment and
spawning stock biomass (SSB) with herring recruit-
ment (abundance of Age 1 herring: HerrAgel) and
biomass of mature herring (HerrMature), respec-
tively. While we expected cod recruitment to be
affected by young herring, we expected the abun-
dance of young herring to be influenced mostly by
the abundance of large, piscivorous cod, i.e. mature
cod. We ran 3 regression analyses equivalent to the
analyses of cod recruitment: local effects of all vari-
ables, local effects of temperature and predators but
effects of total spawner abundance, and analysis of
detrended variables:
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Again, all abundance variables were log-trans- 1970 1980 1990 2000 2010 0 5 10°E
formed prior to analysis, and the effect of each vari-
Age 1 cod

able in each subarea was calculated as explained in
the cod recruitment section.

RESULTS

The biomass of mature cod Gadus morhua de-
creased greatly in the entire NS during the period
from 1971 to 2009 (Fig. 2a), with the exception of the
north-easterly areas close to the Norwegian Trench
and in the English Channel (Fig. 2f). The decrease
was, however, somewhat less in the Central North
Sea (northwards from the Dogger Bank) and close to
Denmark (Fig. 2f). The recruitment of cod in the
southern NS has also decreased substantially (Fig. 2b),
and the decrease was strongest close to the Danish,
German and Dutch coasts (Fig. 2g). A relatively small
part of the NS, the German Bight area, contained
around 80 % of the Age 1 cod in some years of the
survey, but, since 1993, has usually contained <5 % of
them (Fig. 3). The fraction of Age 1 cod that was found
within this area was strongly correlated with the re-
cruitment of cod (R2 =0.48, t=5.84, p < 0.0001; Fig. 3).
This relationship remained significant (t = 2.68, p =
0.011) if the general decrease in both variables over
time was taken into account by using year as a co-
variate. In contrast, the biomass of mature herring
Clupea harengus has generally increased since 1980,

Fig. 2. Gadus morhua and Clupea harengus. Time series
and spatial variation in fish abundances from (a—d, f-i) trawl
surveys and (e,j) sea surface temperature (SST). (a—e) Abun-
dance (as log-transformed numbers of fish per hour trawl-
ing) in the northern (blue lines) and southern (red lines)
North Sea, using 55° N as the dividing line. The Skagerrak/
Kattegat area (east of 8°E) was excluded. (f-j) Spatial pat-
terns of the relative linear time trends of the variables (the
abundance variables were log-transformed). Shades of blue
indicate a significant (p < 0.05) decrease over time; shades of
orange indicate a significant increase. Slopes were esti-
mated for subareas (3° x 3° grid cell areas). The statistical
significance of the time trend is shown by the colour of the
central grid cell—dark shading (dark orange or dark blue):
p < 0.001; medium shading: 0.001 < p < 0.01; light shading:
0.01 <p<0.05
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Fig. 3. Gadus morhua. Relationship between recruitment of
North Sea cod (measured as number of Age 1 cod) and the
fraction of all Age 1 cod found in the German Bight area (east
of 6°E, south of 55°45'N) in the International Bottom Trawl
Survey (IBTS). The estimates of Age 1 cod abundance are
from a previous cod assessment (ICES 2011c). The lines show
the result of linear regression between the log-transformed
variables, with a 95 % confidence interval (R2 =0.48,t=5.84,
p < 0.0001). The inset shows the German Bight area (black
rectangle), as well as the entire area covered by the IBTS
(hatched area)

in particular in the northern areas (Fig. 2c¢,d,h). The
abundance of Age 1 herring increased in the south-
east but decreased in the northwest (Fig. 2i). The SST
has increased basically everywhere (Fig. 2ej)

The optimal model for cod recruitment varied spa-
tially (Fig. 4; Fig. S3a,c,e in Supplement 2 at www.int-
res.com/articles/suppl/m480p263_supp.pdf). Cod re-
cruitment was positively associated with the local
cod spawning stock abundance in only parts of the
area, and with total cod spawning stock abundance
in the German Bight and north of Scotland (Fig. 4a,b;
see also Fig. S4a,b in Supplement 2). Cod recruit-
ment was negatively associated with local SST in the
entire southern NS and with the local abundance of
young herring in large parts of the southeastern
NS (Fig. 4a,b). When removing long-term trends (i.e.
examining only short-term trends), the significant
association with temperature persisted in the south-
ernmost areas, while the association with herring
abundance remained significant in only a limited
part of the area (Fig. 4c). However, when examining
the model estimates of the full model (before model
selection), it was clear that a tendency still existed for

negative effects of both herring and temperature in
the German Bight area, but for a large part,
they were not statistically significant (Fig. S5c in
Supplement 2).

The optimal model for herring recruitment was also
highly variable spatially (Fig. 5; Fig. S3b,d,f). Herring
recruitment was positively related to local spawner
abundance in a few areas of the NS (Fig. 5a; see also
Fig. S6a in Supplement 2, but was associated with
total spawner biomass in most of the southern NS
(Fig. 5b). Local SST had a negative effect on recruit-
ment in the western NS and a non-linearly positive
effect in some areas on the southern shores
(Fig. 5a,b; Fig. S6a,b). The association between her-
ring recruitment and cod abundance was positive in
the central NS and negative in some areas, including
the German Bight (Fig. 5b). In contrast to the analysis
of cod recruitment, each factor's effect on herring
recruitment had roughly the same spatial pattern
when long-term trends were removed, although tem-
perature drops out of the model in some areas
(Fig. 5¢; Fig. S7c in Supplement 2).

DISCUSSION

Our study adds important spatial dimensions and
nuances to both the generally accepted hypotheses
of declining NS cod Gadus morhua recruitment (de-
creased spawning stock and higher temperatures;
Cook et al. 1997, Beaugrand et al. 2003) and to the
newly proposed mechanism of ecosystem hysteresis
through predation by herring Clupea harengus
(Fauchald 2010). Regarding the latter hypothesis, we
indeed found that the decrease in cod recruitment in
a smaller area, the German Bight, was consistent
with the hypothesis of strong effects of reciprocal
predation between cod and herring. Although this
area is small, it has in many years contained a large
proportion, or even most, of the cod recruits (Daan et
al. 1990). Moreover, we found that high recruitment
in this area appears to be related to good cod recruit-
ment in the entire NS, indicating that this is a key
nursery area for cod. Our results indicate that the
decrease in cod recruitment in this area is not the
result of 1 factor alone, but of 3 simultaneous ones:
decreased biomass of mature cod, increasing temper-
atures and increasing abundance of herring (Fig. 4).
Furthermore, the increase in herring in this area can-
not be fully explained by the increasing total biomass
of herring spawners; there appears to be an addi-
tional effect of the local abundance of cod spawners,
who are important predators of herring.
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Fig. 4. Gadus morhua. Effect of each predictor variable on cod recruitment. Each row of graphs represents one model: (a)
Eq. (1), (b) Eq. (2) and (c) Eq. (3). Dark and light blue indicate predominantly negative effects; dark and light orange indicate
predominantly positive effects; and dark and light grey indicate non-effects. Darker shading indicates p < 0.01, while lighter
shading indicates 0.01 < p < 0.05. Red crosses: subareas that were not analysed due to too few years of data. The conditions for
classifying effects as ‘predominantly negative’, ‘predominantly positive’, or ‘non-monotonic’ are given in Supplement 3 at
www.int-res.com/articles/suppl/m480p263_suppl.pdf; the actual shapes of the effects are given in Supplement 2 (Fig. S4)
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Our analysis, however, does not explicitly take into
account the migrations of adult fish or the drift of
eggs and larvae. To investigate the sensitivity of the
results to this limitation, we assumed either that
spawners contribute only to recruitment in their own
subarea, or that they contribute to recruitment any-
where in the NS. These 2 alternative assumptions are
extreme end-points: Both cod and herring have eggs
and larvae that drift passively with the currents for
some time, and, in both cases, the spawning grounds
are separate from nursery areas. However, the young
are not spread by random all over the NS (e.g. Heath
et al. 2008, Groger et al. 2010).

Both NS cod and NS herring have been found to
have substantial spatial structure. In the case of cod,
it spawns in several locations in the NS, mostly in the
western and southern parts, and the present consen-
sus is that NS cod is likely to be ‘composed of a com-
plex of more or less isolated sub-stocks' (ICES 2011c).
Based on microsatellite DNA markers, Hutchinson et
al. (2001) found 4 genetically distinct groups. Advec-
tion patterns indicate that cod in the southern NS
(the German Bight, the Dogger Bank and the South-
ern Bight) are quite isolated from cod in the re-
maining NS (Heath et al. 2008). Also, the elemental
signature of the otoliths indicates that most adults
originate from local nursery areas, and that there
does not appear to be detectable exchange between
spawning areas >200 km apart (Wright et al. 2006).
Thus, Wright et al. (2006) argued that the NS cod
forms a metapopulation, and we would expect cod
recruitment to depend on the abundance of spawn-
ers in an upstream area. In the case of NS herring, it
has 3 or 4 spawning components in separate loca-
tions on the west side of the NS; spawning starts in
the north in August and ends in January in the south
(Daan et al. 1990, Groger et al. 2010). The herring
juveniles of several stocks mix (Ruzzante et al. 2006,
Groger et al. 2010), and as they grow, they gradually
move into deeper water; by Age 1 they are spread
over the entire southern NS. Thus, for herring, it
seems that the most correct assumption is that
spawners contribute to recruitment anywhere in the
NS (i.e. Fig. 5b). However, herring are more geo-
graphically structured than previously believed, as
Ruzzante et al. (2006) found clear and temporally sta-
ble genetic and morphologic differences between
fish from 3 areas (NS, Skagerrak and Kattegat/west-
ern Baltic), in spite of the mixing of these 3 stocks
in the nursery, feeding and overwintering aggrega-
tions. In the cases of both cod and herring, we found
the effects of temperature and interspecific predation
to be robust to the choice of assumptions.

The relationship between cod and herring has been
the subject of much discussion (Cushing 1980, Hislop
1996). It is striking that the papers that suggest a sub-
stantial effect of herring predation on cod are based
on modelling or statistical analyses (Andersen &
Ursin 1977, Fauchald 2010, Speirs et al. 2010, Minto &
Worm 2012, present paper). In contrast, earlier work
based on herring stomach samples (Daan et al. 1985,
Last 1989) concluded that herring predates on an
insignificant amount of cod eggs. However, recent
analyses have revealed that predation on eggs and
larvae may be highly localized in space and time
(Segers et al. 2007, Temming et al. 2007, Pliru et al.
2012), and stomach samples collected during single
seasons may simply miss these important bouts. For
the Barents Sea, time-series studies indicating that
capelin are heavily affected by herring predation
(Hamre 1994, Gjgseeter & Bogstad 1998, Hjermann et
al. 2004) were published several years before field
studies were actually able to confirm substantial pre-
dation (Hallfredsson & Pederson 2009). NS herring,
being an effective zooplankton feeder, may also be a
significant competitor with larval and juvenile cod for
food (Cushing 1980, Hislop 1996). For the Norwegian
Sea, the most recent studies estimate that herring
consumes as much as 50 million tonnes of zooplank-
ton annually and can reduce other species’ consump-
tion of the key zooplankton Calanus finmarchicus by
>50% (Utne et al. 2012). Our analysis suggests that
predation and/or competition from herring may—
together with high temperatures—explain some of
the decline in NS cod, namely the recruitment failure
of the southernmost component of NS cod. Hislop
(1996) also pointed to spatial patterns when he
argued that the mid-1960s '‘gadoid outburst' of cod,
whiting and haddock could not have been caused by
the reduction of herring: namely, the 1950s to 1960s
decline of herring occurred first in the southern NS
and later in the northern NS, but the recruitment of
the northern-spawning haddock did not increase ear-
lier than that of cod or whiting, which spawn in the
south NS as well. Also, Huse et al. (2008) have sug-
gested a similar effect of herring on Norway pout in
the NS; they found that the stock-recruitment rela-
tionship for this species improved substantially when
one considered only the part of the Norway pout SSB
not overlapping with herring.

The importance of quantifying predator-prey
spatial overlap is increasingly being recognized in
analyses of recruitment variation and in the develop-
ment of recruitment models in the NS. For example,
using IBTS data at smaller spatial scales, Temming et
al. (2007) illustrated that dense local aggregations of
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juvenile cod could be eliminated by predation, while
Kempf et al. (2009) considered the roles of other
predators, spatial overlap and temperature to inter-
act in constraining cod recruitment. In a manage-
ment context, the roles of spatial overlap are increas-
ingly being considered in the development of
multispecies NS assessment models (e.g. Kempf et al.
2010), although our analyses extend beyond the spe-
cies-specific to include life stage/size-specific inter-
actions involving both adults and early life stages.

The consequences and implications of the life
stage-specific interactions that we have quantified
between species extend beyond the NS. In the
Northwest Atlantic, consistent with the hypothesis of
role reversals, the cod recruitment rate was inversely
related to pelagic fish biomass in the southern Gulf of
St. Lawrence (Swain & Sinclair 2000). On the eastern
Scotian Shelf, the combined recruitment of several
large-bodied benthic fishes increased only after the
biomass of small pelagic fishes declined, suggesting
a predator—prey reversal and an explanation for the
lagged recovery of benthic fishes following almost
2 decades of fishing moratoria (Frank et al. 2011).
Swain & Mohn (2012) reported that for cod alone,
recruitment rate (annual recruitment divided by
Age 5+ biomass) was unrelated to forage fish biomass
on the eastern Scotian Shelf. However, a meaningful
determination of recruitment rates is critically de-
pendent on knowing the annual reproductive poten-
tial of the parent stock, which cannot be properly
evaluated when significant changes in age and size
at maturity, sex ratio, condition factors, or the poten-
tial for skipped spawning seasons have occurred
(Rideout et al. 2006, Mohn & Rowe 2012) and been
ignored (Marshall et al. 2006, Marshall 2009). Com-
plex interactions between life stages, however, are
not unique to pelagic fish preying upon the pelagic
early life stages of benthic fishes, as the opposite
interactions between benthic and pelagic fishes have
also recently been documented, with implications for
population management. In the Northwest Atlantic,
the dominant benthic fish, haddock Melanogrammus
aeglefinus, has been implicated in the decline of
Atlantic herring recruitment, due to its overlap-
ping with, and preying upon, benthic herring eggs
(Richardson et al. 2011). These complex interactions
in other areas serve to highlight the need to consider
spatial and stage-specific interactions, and the con-
sequences of pelagic x benthic interactions influenc-
ing population dynamics via more than a single life
stage.

Several studies have indicated that temperature
has a negative effect on NS cod through lower larval

survival due to changes in the plankton community
(Beaugrand 2003). This is supported by our study,
which also clearly indicates that these negative
effects are limited to the southern NS. It has also
been suggested that temperatures in the NS are cur-
rently so high that they could have a direct negative
effect on adult cod via physiological mechanisms
(Drinkwater 2005, Portner & Knust 2007). However,
Righton et al. (2010) found that southern NS cod do
not avoid high temperatures and they have the high-
est growth rates of all studied stocks, despite experi-
encing temperatures that have been shown to be very
stressful in laboratory experiments. However, during
the spawning season (when the survey used in our
study was conducted), they found a much narrower
temperature range for cod, with a preferred temper-
ature of 5 to 10°C across widely separated cod stocks.

When we detrended the data, i.e. removed long-
term changes, much of the effects became weaker
and were no longer statistically significant. This
would be expected if a variable not included in the
analysis, and which has a strong trend, was the
actual cause of recruitment change. However, it is
hard to think of any such effects that are unrelated to
the included variables (e.g. fishing effort would
mainly decrease recruitment by decreasing SSB).
The weakening of the effects can also expected as a
purely statistical effect, as much of the variability in
the data is removed, decreasing the statistical power
of the analysis. Thus, the statistical power might not
be sufficient to detect the signal through the noise. A
high level of noise (i.e. high variability on small spa-
tial and temporal scales) is unavoidable in analyses
of survey data, due to the inherent patchiness of mar-
ine fish populations.

It should be noted that the survey method, bottom
trawling in winter, is designed to catch young her-
ring as well as demersal fish like cod. Therefore, the
method considerably underestimates adult herring,
which live more pelagically. However, the abun-
dance patterns seen in the survey are quite consis-
tent with the assessment estimates (Fig. S8b in Sup-
plement 2), which is not surprising, as the catchability
in this survey was also used in the assessment of cod
and herring biomass (so-called tuning). This suggests
that our analyses and interpretations are not biased
by the quality of the survey data.

Finally, we note that predation/competition may
interact with temperature and spawning stock size.
We chose to assume additive effects of the 3 predictor
variables, as allowing for interactions would result in
too many spurious effects. One may argue that our
finding that recruitment is driven by different factors
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in different locations may be a result of this assump-
tion. Thus, the reason that variable x has a significant
effect in one place but not in another, may not be the
locations per se, but because the range of variable x
differs between the sites, or because it interacts with
another variable y. For instance, Kempf et al. (2009)
found that mean SST during the second quarter had a
negative effect on recruitment up to a level of 9°C but
not above this threshold. This result, however, ap-
pears to conflict with the fact that cod in the NS
already live near the warmest edge of their distri-
butional range in the eastern Atlantic, so we would
expect rather the opposite, i.e. that the negative
effects of temperature would be aggravated at high
temperatures (Drinkwater 2005). This expectation is,
however, not supported by the results of Ottersen et
al. (2013); while they substantiated that NS cod are
affected by temperature, they found no significant
changes in recruitment dynamics over the period
from 1963 to 2007.

In conclusion, this study quantified spatial variance
in the leading mechanisms proposed to affect the
variations in important ecosystem components such
as cod and herring. Our results support the interpre-
tation that recruitment is affected by a combination of
spawning stock abundance and sea temperatures (as
suggested by, e.g. Durant et al. 2005, Kempf et al.
2009, Olsen et al. 2011). However, a large, temperate
area like the NS can hardly be viewed as a single eco-
system,; rather it is a collection of ecosystems the het-
erogeneous climatic conditions, habitats and species
compositions of which differ quite strongly, although
their borders are diffuse and unstable and migration
among them may be high. While taking this into
account obviously makes studies of ecosystem pro-
cesses more difficult, changes in the spatial structure
of marine populations is important, as they can affect
the resilience and recovery potential of populations
(Ciannelli et al. 2013). The present results support the
view that a good understanding of NS cod dynamics
is impossible if spatial variability is not taken into
account. Although there is no field evidence of sub-
stantial predation on cod eggs in the NS, our findings
are consistent with the hypothesis that herring have a
negative impact on cod recruitment in the German
Bight, an area formerly known as a key area for cod
recruits (Daan et al. 1990), either through egg preda-
tion or competition. However, the direction of causal
relationships is inherently difficult to confirm based
on time-series data only, despite our efforts to quan-
tify levels of uncertainty and compare multiple mod-
els. The existence of hysteresis, or other mechanisms
leading to Allee effects in exploited fish, has impor-

tant implications for management. Thus, it is impor-
tant to continue developing and refining methods that
are able to take into account spatial variability in
a parsimonious manner and to incorporate spatially
variable ecosystem processes into management
models (Kempf et al. 2010).
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INTRODUCTION ine fish populations to climate (e.g. Rouyer et al. 2011,
but see Ottersen et al. 2013, this Theme Section).

Population dynamics in general and population Thus, in addition to the obvious consequences of high

growth in particular is affected by several factors such
as climate, species interactions and harvesting pres-
sure. Harvesting pressure has been proposed as a
possible pathway for an increasing sensitivity of mar-

*Email: joel.durant@bio.uio.no

and often size-selective mortality from commercial
fishing (loss of older and larger individuals), interact-
ing effects between exploitation and environment
influence fish stock production (Hsieh et al. 2010).
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These complex interactions may also depend on
the life cycle characteristics of the species studied.
The life cycles of many fish species in high-latitude
seas have adapted to a strong pulse of primary pro-
ductivity in spring, short summers, and partial ice
cover during parts of the year. Also, food resources
and suitable habitat for young are often spatially
clustered. For these fish species, evolutionary pres-
sure pushes towards developing adaptive strategies
for the timing of life cycle events (e.g. reproduction),
the length of spawning and feeding migrations, and
the use of environmental cues (e.g. photoperiod and
temperature). Analogously, some oligotrophic sys-
tems, such as the Mediterranean Sea, may display
similar adaptive life history strategies to match the
favourable environmental conditions occurring at small
spatial and temporal scales (Hidalgo et al. 2009).

Specific strategies, such as greater longevity and
bet-hedging, allow species inhabiting high latitudes
to survive until encountering favourable conditions
for reproduction within a particular temporal win-
dow, whereas more temperate/tropical species typi-
cally have more opportunistic reproduction strate-
gies (Murphy 1968, Fromentin & Fonteneau 2001)
with faster traits (earlier maturation, faster growth,
reduced age structure). For instance, cod stocks dis-
play a broad range of life history traits related to
the mean temperature of their environment (Brander
1995). Since high-latitude species are more sensitive
to environmental variability than temperate/tropical
species and can display broad age distributions,
which are potentially affected by exploitation (Miller
et al. 1991, Brunel & Boucher 2006, Rouyer et al.
2011), comparing different species inhabiting across
the latitudinal gradient will provide insight into im-
portant aspects of such strategies.

Fisheries management challenges are increased by
climate change (Le Maho & Durant 2011). Indeed,
when looking at the effect of harvesting on fish
stocks (e.g. reduction of abundance, distribution, bio-
diversity or genetic diversity; age truncation; juve-
nescence) fisheries have also to take into account the
effect of climate change on the fish population
dynamics and trophic interactions (Cury et al. 2008).
However, separating the environmental effects on
marine fish stock dynamics from those of exploitation
has been a long-term challenge. In this study we
investigated how climate, fishing and internal popu-
lation properties such as age structure operate across
different ecosystems. Specifically, we explored how
external forcing (climate and fishing) and recruitment
modulate the population dynamics of fish within
different environments. To do so, we calculated the

population growth based on yearly Leslie matrices
and its elasticity to recruitment of 7 commercially
exploited stocks: the European hake Merluccius mer-
luccius in the Northeast Atlantic Ocean (Southern
and Northern) and the Mediterranean Sea, the cod
Gadus morhua in the North Sea and Barents Sea, and
the pollock Theragra chalcogramma in the Bering
Sea and the Gulf of Alaska. The elasticity is the per-
centage change in output for a certain percentage
change in input; it illustrates the changes in popula-
tion growth as a ratio of changes in either survival or
recruitment. This tells us where the population is
more sensitive to modification of its vital rates. Mod-
eling the elasticities for different stocks is expected to
give new insights into how recruitment that is
affected by climate, age structure, or fishing pressure
in turn affects the population growth rate. Our aim
is to explore the differences produced by external
and internal drivers contributing to the variability in
population growth rate across different ecosystems.
To do so, we compared stocks with different fishing
pressure (from fished to overfished) and from differ-
ent latitudes (high to intermediate latitudes).

MATERIALS AND METHODS

The fish data used (age-specific abundance, fish-
ing mortality, and maturity ogives) were extracted
from assessments made using virtual population
analyses (VPA; i.e. based on commercial catch data,
Lassen & Medley 2001 and references therein for
methods) tuned to the survey data. From these data
we calculated the average fishing mortality (F) for
each year. Table 1 summarizes the data used. Fig. 1
displays the general geographical localisation of
each stock.

European hake Merluccius merluccius

The European hake (here called hake) (Fig. S1 in
the Supplement at www-int-res.com/articles/suppl/
m480p277_supp.pdf) is a groundfish species inhabi-
ting the North Atlantic European coast (from north of
Norway to the Mauritanian waters) and the entire
Mediterranean Sea. Three areas (Fig. 1) for which
age-structured information on hake was available
are considered in this study (FAO-GFCM 2009, ICES
2009): 2 in the Atlantic Ocean referred to (for man-
agement purposes) as North Atlantic stock (NA
hake) and South Atlantic stock (SA hake), and one in
the Mediterranean Sea around the Balearic Islands
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Table 1. Data description of the stocks considered. NEA: Northeast Arctic; NS: North Sea; EBS: Eastern Bering Sea; GOA: Gulf

of Alaska; NA: Northern Atlantic; SA: Southern Atlantic; BI: Balearic Islands; VPA: virtual population analysis; NAO: North

Atlantic Oscillation; GULF: annual mean values of the Gulf Stream; PDO: Pacific Decadal Oscillation; Ul: upwelling index;
IDEA: hydro-climatic index based on the air-sea heat fluxes in the Gulf of Lions during winter. +: data used; — no data

NEA cod NS cod EBS pollock GOA pollock NA hake SA hake Bl hake
VPA years® 1946-2010 1963-2011 1964-2010 1961-2010 1978-2008 1982-2008 1980-2008
Years used 1946-2000 1963-2007 1982-2004 1983-2002 1979-2003 1983-2003 1981-2004
Population life history variables
Age range assessed (yr) 3-12+ 1-7+ 1-10+ 2-10+ 0-8+ 0-8+ 0-5+
Maturity ogives Annual Mean Mean Mean Annual Annual Mean
Recruits number + + + + + + +
Elasticity + + + + + + +
Environmental variables
Temperature (°C) + + + + + + +
NAO + + - - + + +
GULF - - - - + + -
PDO - - + + - - -
Ul - - - - - + -
IDEA - - - - - - +
Fishing mortality (F) + + + + + + +
“VPA data were not reliable in the later years, so we used a shorter time series than available

(BI hake). Hake is regarded as overharvested in all 3
areas (ICES 2009). For each stock, F over age was
calculated for the most harvested age classes of each
area (based on the F at age profile): F, 5 for SA hake,
F, ¢ for NA hake and F,_, for BI hake (the subscripts
indicate the ages used in yr).

Cod Gadus morhua of the Lofoten-Barents Sea and
North Sea systems

The Northeast Arctic (NEA) cod population inhab-
iting the Barents Sea is at present the world's largest
stock of Atlantic cod (Worm & Myers 2003) (Fig. S2 in
the Supplement). NEA cod spawns along the Norwe-
gian coast. The North Sea (NS) cod is another cod
population whose abundance has declined steadily
since the 1960s (ICES 2011b, Hjermann et al. 2013,
this Theme Section). Age-structured information on
NEA cod is available from 1946 (ICES 2011a) and for
NS cod from 1963 (ICES 2011b). For NS cod, propor-
tion of mature individuals per age was given as a
mean per age class. Average fishing mortality was
calculated for age groups 5-10 (Fs_10) for NEA cod
and age groups 2—-4 (F,_4) for NS cod.

Walleye pollock Theragra chalcogramma of the
Bering Sea and Gulf of Alaska systems

Walleye pollock (Fig. S2 in the Supplement) cur-
rently constitutes the second largest single-species

fishery in the world. Information on Eastern Bering
Sea (EBS) pollock and Gulf of Alaska (GOA) pollock
year-class strength is available back to 1964 (lanelli
et al. 2009, Dorn et al. 2010). However, since catch
data are uncertain prior to 1982, we used data only
from 1982 onwards for EBS pollock and 1983 on-
wards for GOA pollock. For EBS pollock, the propor-
tion of matures per age was given as a mean per age
class. For GOA pollock, annual estimates of the age-
specific proportion of mature individuals was avail-
able from 1983 onward. Fishing mortality is given by
Fs_19 and F5_g for EBS and GOA pollock, respectively.

Environmental data

Climate indices and regional-scale hydroclimatic
variables were used as potential environmental driv-
ers. Climate indices capture complex spatio-temporal
variability into a simple metric and integrate larger-
scale climate processes and their variability (Hallett
et al. 2004). They have been shown to be good pre-
dictors for biological processes because they reduce
complex space and time climatic variability into
simple measures (Stenseth et al. 2003). We selected a
relevant large-scale climate index for each studied
stock. For the NA hake stock, we used annual mean
values of the Gulf Stream index (GULF; http://
web.pml.ac.uk/gulfstream/data.htm), which is the first
principal component of the position of the North Wall
of the Gulf Stream (Taylor 1995). For the SA hake
stock we used an upwelling index (UI) obtained from



280 Mar Ecol Prog Ser 480: 277-287, 2013

65° -
N :
= : ada
60° W R e o)
Bering Sea
N o\\Oc'\é ”~
: : : ¢ 7 Gulf df Alaska
550_2 ...................... R RRIRLITRRY WP /:J .................... J
Aleutian§ Basin :
A § ;
: ° VRS :
: N :
A 5
50°_ ......................
T T T
170°E 180° 170°W 160 150°
80°
N

750_ ......... B R IR [

700 o)
North : v .
Atlantic : : Russia

..............

0° 10°E 20° 30° 40° 50°

50°_§ ...................................... e

Atlantic :
Ocean : "3 France

T

350_. ........

20°W 10° 0° 10°E

Fig. 1. Geographic location of the 7 stocks analysed. (A)

Eastern Bering Sea (EBS) and Gulf of Alaska (GOA) pollock

stocks. (B) Northeast Arctic (NEA) cod stock. (C) Northern

Atlantic (NA), Southern Atlantic (SA) and Balearic Islands
(BI) hake stocks

the monthly mean of daily offshore Ekman transport
values (-Qy; m® s™! km™!) offshore of the NW Spanish
peninsula (see ‘Methods' in Lavin et al. 1991). For the
Bl hake we used the IDEA index, a mesoscale
(regional) hydro-climatic index based on the air-sea
heat fluxes in the Gulf of Lions during winter (Mas-
suti et al. 2008, Monserrat et al. 2008). For the NEA
and NS cod, we used the North Atlantic Oscillation
calculated for winter months (WNAO) (Hurrell &
Deser 2009). For the EBS and GOA pollock we used
the Pacific Decadal Oscillation calculated for winter
months (wPDO).

Temperature was also used as a regional hydro-
climatic variable potentially affecting the survival of
early life stages of demersal species before settle-
ment to the bottom. The temperature variables used
have been reported to explain the dynamics for NA,
SA and BI hake (Hidalgo et al. 2012), NEA (Hjer-
mann et al. 2004) and NS cod (Hjermann et al. 2013),
and GOA (Ciannelli et al. 2004) and EBS pollock
(Mueter et al. 2011). Sea surface temperature (SST)
for hake were obtained from the Climate Diagnostics
Center (NCEP/NCAR) reanalysis fields (Kalnay et al.
1996) on a 1x1 degree grid and averaged over the
area of each studied stock. Seasonal averages were
calculated for each stock in winter (from December to
February) and spring (from March to May) over
each study area covering from early life stages sur-
vival to recruitment. For the Barents Sea we used
yearly average sea temperature measured monthly
at 0-200 m depth (ST) on the Russian Kola meridian
transect (33°30"E, 70°30'N to 72°30'N) (see refer-
ences in Hjermann et al. 2004). Time series of tem-
perature for the NS cod and pollock stocks have
been extracted over the distribution area of each
stock from the extended reconstructed SST (NOAA_
ERSST_V3) data set provided by the Physical Sci-
ences Division of the NOAA Earth System Research
Laboratory (www.esrl.noaa.gov/psd/). Data are avail-
able from 1960 to 2007 with 1 x 1 degree grid resolu-
tion for the cod from 1880 to 2009 and with 2x2
degree grid resolution for the pollock (based on
the International Comprehensive Ocean-Atmosphere
Data Set (ICOADS) Sea Surface Temperature data).
The data were averaged as follows: North Sea, Long
51.5° to 55.5°/Lat 0.5° to 4.5° for March to May
(SSTspringi Hjermann et al. 2013); Bering Sea, Long
—174° to —-166°/Lat 56° to 60° for April to July. For
the Gulf of Alaska, we extracted summer tempera-
ture (SSTgumi, Long —164° to -162°/Lat 50° to 54°
for June—July—-August) and winter temperature
(SSTyintz, Long —-164° to —-160°/Lat 56° to 60° for
December—-January—February).
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Calculation of population growth and elasticity

One way to reduce the complexity of age-structured
population dynamics is to approach the question of
population persistence through the use of Leslie
matrix models (Leslie 1945, Caswell 2001, Hastings
& Botsford 2006). Leslie matrix models are age-
structured population models that use estimates of
demographic rates for different age or size classes
to project population dynamics (Caswell 2001). Vital
rates are summarized in an annual transition matrix
A, which defines the population sizes in the following
year (n,) as the product of the matrix A and the cur-
rent year's population size (n,), where the n, values
are vectors defined by the number of individuals
within each age class. The long-term (asymptotic)
population growth rate, r, is given by the logarithm of
the dominant eigenvalue A of A (Caswell 2001).

Here we compiled annual Leslie matrices A; for
each population studied. Note that A;is compiled for
the age structure measured in year t (hence valid
only for the time frame year t to year t +1) as is the
resulting yearly realized population growth rate, r;.

For a given year, the transition matrix A, is defined
as follows:

RS,, RS;, RS,, RSt
Sior O 0 0
A=| 0 S, 0 0

0 0 0 Sj max—(imax—1),t 0
where S;_(i_1), is the survival between age class i at
year t and age class i-1 at year t-1, and RS;, is the
recruitment success of year class i at year t. RS;; is
function of 2 components: the maturity rates and the
proportion of survived recruits per age class.

An advantage of the Leslie matrix approach is the
well-established derivation of elasticities of r to the
vital rates in A (Caswell 2001). The elasticity matrix
(E) describes the proportional response of r (through
the first eigenvalue) to a proportional perturbation in
the vital rates; in other words, it provides information
on the relative contribution of vital rate(s) to the vari-
ations in r; (details can be found in Caswell 2001).
However, A gives the asymptotic population growth
rate (i.e. the first eigenvalue of A), that is, the rate
of growth of the population if the population has
reached the stable age structure and if present envi-
ronmental conditions were maintained indefinitely.
Consequently, the asymptotic population growth can
be biased at a short time scale for populations with no
stable age structure due to environmental variations

(e.g. large year-to-year variations in recruitment). In
order to evaluate how recruitment affects spawning
stock biomass and population numbers, we per-
formed a transient elasticity (hereafter called elastic-
ity, ey) analysis following the principles found in
Caswell (2007). We used numerical methods based
on simulating the population from year tto year t+X.
If we do such a simulation using the year-specific
transition matrices A;, the simulated population time
series will be exactly equal to the input data. We cal-
culated elasticity by increasing recruitment (i.e. the
respective elements of the Leslie matrix) by 1% in a
single year ¢ and evaluated the effect of the perturba-
tion on numbers of fish in the age classes exploited
by fishing (IN) in year t+X. This was repeated for
every year t of the time series (except those that are
less than X years from the end of the time series).
In order to compare species, we selected X to be
approximately equal to the specific generation time
H: (the mean age of the parents of the offspring pro-
duced by a cohort over its lifetime; Caswell 2001).
Thus, changes in recruitment at time ¢ will have time
to be reflected in the mature population at time t+X.
1, is calculated from A, and is itself changing every
year (Figs. S1 & S2 in the Supplement).

Thus, the results of the perturbation depends not
only on the year-specific transition matrices A, but
also on the age structure at the time of the perturba-
tion, and the results differ from analyses of the elas-
ticity of asymptotic growth rate (i.e. the first eigen-
value of A)).

Thereafter, elasticity is the sum of the elasticities
due to recruitment for each year. For the generalized
additive model (GAM) and generalized additive
mixed model (GAMM) analyses, e; was logit trans-
formed: log(e\/(1-ey).

Note that in order to test whether the assumption
of homogeneous fecundity can affect our results on
population growth we have also calculated the popu-
lation growth for each stock replacing abundance by
biomass, without finding any significant differences
in the results. We have therefore decided to keep the
e; obtained from abundance.

Statistical analysis

To investigate the effect of climate, anthropogenic
pressure and the intrinsic demography in shaping
stocks' elasticity to recruitment, we combined
stock-specific analyses with meta-analyses across
all stocks. We related the temporal variability in
each stock’s elasticity to recruitment, e, to demo-
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graphic variables such as fishing mortality and
mean age of the spawning stock, as well as to
each stock's specific environmental variables (both
regional and large-scale climate indices) using
GAM formulations as implemented in the mgcv
library of R 2.11.1 (Wood & Augustin 2002). The
rationale for also looking at the effect of environ-
mental variables, which only indirectly affect e, is
that these variables may influence several demo-
graphic variables simultaneously, including natural
mortality, which is unknown in our study. To
smooth the resulting relationship, we set the maxi-
mum degrees of freedom for each smooth term to 2
(i.e. k = 3). We applied a backward selection strat-
egy of GAM regressions based on minimisation of
the generalized cross-validation criterion (GCV),
and a measure of the proportion of variance ex-
plained (using unbiased estimators), R% A covariate
was retained if its removal decreased GCV without
affecting R? (Green & Silverman 1994). To model e
for all the stocks in one model ,we used a GAMM
formulation (GAMM in the mgcv library). As ex-
planatory variables we used p, Fand SST (SST and
ST alike). We thus added to the GAM formulation
(fixed effects) as described above a random effect
(stock names, years) to take into account the spe-
cific effect of the stocks and of the years data were
sampled. Akaike's information criterion (AIC) val-
ues were used to select the best model instead of
GCV because the latter does not account properly
for the random effect. We found no auto-correlation
(using the ACF function) in the residuals of the
selected models. No significant correlation was
found between covariates.

RESULTS

Time series of fish abundance, generation time p,
fishing mortality F, per-capita population growth
rate and transient elasticity e, for hake, cod and pol-
lock stocks are presented in the supplementary
material (Figs. S1 & S2). All the stocks showed a
general temporal decrease in population numbers
within the study period; this was more pronounced
for NA hake, SA hake, NS cod and GOA pollock.
The SA hake, NA hake and NEA cod stocks showed
a decrease in |, indicating a progressive and direc-
tional change in their age structure. These 3 stocks
displayed an increase in the transient elasticity to
recruitment with time, and indicated an increasing
contribution of recruitment success to the population
growth rate.

Elasticity analysis of recruitment changes

Table 2 displays the best stock-specific GAMs
selected based on the minimisation of the GCV val-
ues (see Table S1 in the Supplement). The explained
variance ranged from 16.6 % NS cod to 68.8 % for SA
hake (Table 2, see Figs. S3 & S4 in the supplement;
www.int-res.com/articles/suppl/m480p277_supp.pdf).
We note that a decrease in the 1 of the stock led to an
increase in the elasticity to recruitment for the hake
(3 stocks considered to be over-harvested), the NEA
cod stock and the GOA pollock stock. Likewise, an
increase in the fishing mortality led to an increase in
the elasticity to recruitment for the EBS pollock stock
as well as for the 2 cod stocks.

For all stocks, the elasticity to recruitment e; was
affected by the local environmental covariates, i.e.
sea temperature. However, the shape and direction
of the effect of sea temperature varied among stocks
(Figs. S3 & S4 in the Supplement, Table 2). The
regional hydroclimatic conditions such as UI in-
fluenced the SA hake stock, while large-scale cli-
matic phenomena such as wPDO and wNAO influ-
enced the 2 pollock stocks and the NS cod stock,
respectively.

Table 2 also displays the best GAMM selected
based on the minimisation of the AIC values (see
Table S1 in the Supplement). The best GAMM
showed that a decrease of the generation time p of
the stock led to an increase in the elasticity to recruit-
ment (Fig. 2A) as did a decrease of the fishing mortal-
ity, albeit to a lesser extent (Fig. 2B). Looking at aver-
age values per stock, elasticity to recruitment was
negatively related to the generation time of the stock
(n averaged over time) (Fig. 2C). The stocks dis-
playing smaller averaged p also displayed a greater
mean elasticity to recruitment (linear model, F-statistic
F, 5 = 35.12, p < 0.002, R? = 0.88), as growth rate
depends more on recruitment for stocks with less
mature age classes. The elasticity to recruitment was
positively related to the mean fishing mortality
(Fig. 2D). This relationship that was not significant
(linear model, logit transformed e, = —2.08 + 0.64F,
F-statistic F; 5 = 0.53, p = 0.50, R* = 0.10) and
remained so when removing NEA cod, although the
relationship was much improved (linear model, logit
transformed e; = -2.08 + 0.99F, F-statistic F; 4 = 4.88,
p = 0.09, R? = 0.55). Note that the relationship shown
in Fig. 2D is inverse to the one shown in Fig. 2B
(GAMM result on yearly data). Mean generation
time was negatively related to mean fishing mortality
when NEA cod was not taken into account (Fig. 2E).
This relationship, which was not significant (linear
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Table 2. Results of generalized additive models (GAMSs) on transient elasticity of the population growth to recruitment change.
s(X,edf = y) is the smoothing term, where X represents the explanatory variable and y is the estimated degrees of freedom
(edf) of the smoothing term. When edf is 1, the relationship is linear. The general sense of the relationship is indicated with (+)
and (-), (+,—) or (—,+) for quadratic relationships. p-values for each variable are indicated (***p < 0.001, **p < 0.01, *p < 0.05,
*p < 0.1). Dev: proportion of the null deviance explained by the model. NEA: Northeast Arctic; NS: North Sea; EBS: Eastern
Bering Sea; GOA: Gulf of Alaska; NA: Northern Atlantic; SA: Southern Atlantic; BI: Balearic Islands; p: mean age of the
parents of the offspring produced by a cohort over its lifetime (generation time); F: fishing mortality for different age range as
indicated; wPDO: winter Pacific Decadal Oscillation; UI: upwelling index, a regional hydro-climatic index; SST: sea surface
temperature (°C) with ‘wint’ for winter and for GOA ‘sum1’ for summer at Location 1 and ‘wint2' for winter at Location 2;
ST: sea temperature at 0-200 m depth

Stock Intercept Generation Fishing Climate Sea tempera- Sea tempera- Dev (%)
time mortality index ture 1 ture 2
SA hake -1.45 +0.04*** prr Ul SSTyint
edf=1 edf=1.72 edf=1 68.8
-) (+-) (+)
NA hake -1.59 £ 0.03*** n SSTwint™ SSTpring*
edf=1 edf=1 edf=1 51.6
-) ) (+)
BI hake -1.44 +0.06*** n* SSTwint
edf=1.77 edf=1.56 39.1
(_:+) (_v+)
NEA cod -2.75+0.08*** p* Fs_4oF ST*
edf=1 edf=1.66 edf=1.17 414
-) (+) (+)
NS cod -1.17 £ 0.09*** F, % wNAO SSTpring
edf=1 edf=1.65 edf=1 16.6
(+) (=) -)
EBS pollock -1.60 £ 0.12*** Fs 10 wPDO* SST
edf=1 edf=1 edf=1 37.0
(+) () -)
GOA pollock -2.35+0.22*** n wPDO SSTyint2* SSTsumt
edf=1 edf=1.81 edf=1 edf=1.78 45.0
-) (=) -) (+)
All stocks?® -1.81 £ 0.04*** prer F**
edf=1.64 edf=1
-) )
“Results of generalized additive mixed model (GAMM) of elasticity for all stocks with years and stock as random variables

model, F-statistic F; ; = 2.56, p = 0.227), became
highly significant when removing the NEA cod stock
(linear model, p=7.11 — 4.42F, F-statistic F; , = 39.06,
p <0.01, R? = 0.90). It showed that the more exploited
stocks have shorter generation times, which may be
linked to a narrower age structure, suggesting an
effect of exploitation on the demographic character-
istics of the stock, with the noticeable exception of
NEA cod.

DISCUSSION

In this comparative study on 7 gadoid stocks, we
showed spatial similarities and dissimilarities of the
effect of climate, fishing and demographic structure
on the elasticity of the population growth rate to
recruitment. In other words, the ecological mecha-

nisms shaping the contribution of recruitment to the
growth rate differ across systems, while common
general patterns have been identified.

Effects of harvesting

The 7 stocks studied displayed differences in the
elasticity of the population growth to recruitment
that were linked to the level of exploitation, though
the strength and direction of the relationship varied
with the level of the hierarchy and the scale of the
analyses performed. On an intra-stock basis, the
northern species (2 cod and 1 pollock stock) showed
a significant positive effect of fishing on the elasticity
to recruitment (Table 2), whereas the 3 hake stocks,
which are all considered to be overharvested (ICES
2009), did not. The overall analyses showed that the
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within-stock effect of fishing mortality F was weakly
negative (Fig. 2B) whereas the between-stock effect
of mean F appeared to be generally quite strongly
positive, with NEA cod being a notable exception
(Fig. 2D). Thus, among stocks and within 2 of the spe-
cies (cod and hake), an increase in elasticity with F
was found, in agreement with theory, whereas the re-
verse pattern observed in the global model (Fig. 2B)
seemed counterintuitive. We suggest that historically
heavily exploited stocks with low p have a lower
capacity to change their productivity and hence their
growth rate compared with stocks that are histori-
cally less exploited (e.g. GOA pollock) or that have
retained a broader demographic structure in spite of
exploitation (e.g. NEA cod and NA hake). In other
words, the long-term effect of fishing may affect how
the fish respond to short-term variations changes in
F. These results highlight the importance of measur-
ing these types of patterns at several scales in order
to make the correct inference about the effects of
management on stock demography.

Effects of generation time and combined effects
with harvesting

While all stocks have been exploited for a long
time, geographical differences were found, with a
general tendency to higher mean p for the northern
stocks of the same species (Fig. 2C).

Overall, the elasticity to recruitment was mainly
shaped by changes in p; the longer the generation
time, the lower the elasticity to recruitment (Fig. 2A,C).
On an intra-stock basis, the temporal variations in
the elasticity to recruitment did not always appear to
be related to those in p (Table 2). Indeed, whereas
a strong negative effect of p on the elasticity was
found for the SA hake and NEA cod stocks, these
effects were weak for the NA hake and GOA pollock
stocks and were not present for the EBS pollock and
NS cod stocks. Note that for the BI hake stock the
effect of p on the elasticity to recruitment was non-
linearly positive.

Our results suggest that changes in p likely had
a larger effect on the elasticity to recruitment for
the more exploited stocks (Fig. 2E), which may have
been induced by a long-lasting demographic trunca-
tion and fishery-induced evolutionary change (Olsen
et al. 2004). In this respect, the NEA cod seemed to
be a counter example with a strong effect of 11 on the
elasticity to recruitment, despite being considered to
be quite healthy (ICES 2011a). However, the NEA
cod stock shows as much of an effect of 11 on elasticity

as the hake stocks that are thought to be overex-
ploited (ICES 2009). Note that the effect of p on the
elasticity might be reduced if we were to use same
time-series length for NEA cod as we used for hakes,
only 2 to 3 decades. This suggests that age truncation
and over-exploitation are not concomitant patterns,
though they are often linked.

Effects of the environment and geographic location
of the stocks

Several studies have demonstrated that stocks
located at the limits of a species’ geographical distri-
bution are more sensitive to environmental variabil-
ity (Brunel & Boucher 2006) and that these limits are
moving with climate change. The reduction in both
the spatial heterogeneity and spatial distribution of
spawning stocks has been suggested to decrease
population stability (Hsieh et al. 2008, Hsieh et al.
2010, Ciannelli et al. 2013, this Theme Section). In
this study, 2 stocks at the northern limit of the spe-
cies' geographical distribution (EBS pollock and NEA
cod) were studied over 3 decades, and both dis-
played an effect of temperature, albeit inversed. The
positive effect of temperature on the NEA cod stock
elasticity occurred concomitantly to the long-term
change in age structure (Ottersen et al. 2006, Rouyer
et al. 2011) and in spatial distribution (Opdal 2010).
Note that although the NEA cod stock displayed a
50 yr decrease in p and in abundance, it is still
considered to be in good health (ICES 2011a) due
to improved management and strong and stable
recruitment since the 90s). However, the negative
effect of temperature on the elasticity of EBS pollock
may constitute a more direct and short-term in-
fluence of the complex mesoscale processes that
favour the success of the recruitment in the Bering
Sea (see review by Hunt et al. 2011). This may ex-
plain the strong negative effect of PDO on this stock
elasticity (Table 2). In other words, during low PDO
years (i.e. when it is cold), the pollock stock is more
linked to recruitment variability rather than to popu-
lation survival. There was only one stock at the
southern limit of the species’ geographical distribu-
tion (NS cod) that was studied over 4 decades. In
contrast to NEA cod, the NS cod stock displayed a
negative effect of temperature on recruitment (e.g.
Hjermann et al. 2013). A positive effect of SST on NA
and SA hake elasticity was shown in increased larval
survival, which thus favoured recruitment success
(Goikoetxea 2011, Hidalgo et al. 2012). Similar to
Hidalgo et al. (2012), we found evidence for environ-
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mental effects on the elasticity to recruitment for
SA hake (upwelling during summer and winter tem-
perature) (Dominguez-Petit et al. 2008) and (winter
SST) for BI hake (Hidalgo et al. 2011)

The 2 studied pollock stocks displayed opposite
effects of SST on the elasticity to recruitment
(Table 2) that can be explained by the much lower
temperature in the Bering Sea (SST May to July)
compared with the Gulf of Alaska (SSTgu,; June to
August). In those areas, the climate effects could also
trigger changes in trophic interactions, such as the
recruitment of competitive species, or changes in
spatial distribution (Bailey 2000, Ciannelli et al. 2005).
For example, in the Gulf of Alaska it is well accepted
that the decline in pollock recruits is driven by
increased predation on small pollock by arrowtooth
flounder Atheresthes stomias, which is now domi-
nant in terms of biomass in that system (A'mar et al.
2010). In the Bering Sea, changes in pollock recruit-
ment could be also be driven by changes in arrow-
tooth flounder distribution, but to a lesser extent
since in the Bering Sea, pollock, skates and sharks all
prey on arrowtooth flounder (Ianelli et al. 2009).

In conclusion, our comparative study on gadoid
stocks across ecosystems illustrates how extrinsic
variables shape the specific strategies used by the
different species and their response to a decrease in
generation. Our findings emphasise how the elastic-
ity to recruitment can be affected by a long-term
change in age structure of the population (perhaps
due to fishing; Hidalgo et al. 2011, 2012, Rouyer et al.
2011, but see Ottersen et al. 2013, this Theme Sec-
tion), but can also be directly affected by the ongoing
fishing intensity. The elasticity of the population
growth rate to recruitment cannot thus be solely
explained by the age structure or the fishing inten-
sity. To determine the elasticity, both parameters are
needed.
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