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Abstract

The importance of survival and growth variations early in life for population dynamics
depends on the degrees of compensatory density dependence and size dependence
in survival at later life stages. Quantifying density- and size-dependent mortality at
different juvenile stages is therefore important to understand and potentially pre-
dict the recruitment to the population. We applied a statistical state-space model-
ling approach to analyse time series of abundance and mean body size of larval and
juvenile fish. The focus was to identify the importance of abundance and body size
for growth and survival through successive larval and juvenile age intervals, and to
quantify how the dynamics propagate through the early life to influence recruitment.
We thus identified both relevant ages and mechanisms (i.e. density dependence and
size dependence in survival and growth) linking recruitment variability to early life
dynamics. The analysis was conducted on six economically and ecologically impor-
tant fish populations from cold temperate and sub-arctic marine ecosystems. Our
results underscore the importance of size for survival early in life. The comparative
analysis suggests that size-dependent mortality and density-dependent growth fre-
quently occur at a transition from pelagic to demersal habitats, which may be linked
to competition for suitable habitat. The generality of this hypothesis warrants testing

in future research.
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1 | INTRODUCTION

Understanding how processes early in life influence year-class
strength has been a central topic of fisheries research for more
than a century. This is because year-to-year variations in year-class
strength at the age when the fish enter into the fisheries (“recruit-
ment”) is a main driver of changes in population size of many har-
vested marine fishes and a key determinant of the new harvestable
biomass (Hjort, 1914; Houde, 2008). Quantifying associations be-
tween changes in abundance and body size distribution through
early life is an important step to explain, and potentially predict, fish
recruitment. Specifically, such quantification may reveal intercon-
nections between growth, survival and population regulation, and,
thereby the relevance of growth and survival variations at different
early life stages for recruitment.

Changes in abundance and mean body size during the early life
stages of marine fish are often correlated because of associations
between the mean mortality rate, which influences abundance,
and growth and size-dependent mortality, which influence mean
body size (Figure 1). Several ecological processes link the changes
in abundance and mean body size. For example, predation may si-
multaneously influence abundance and size distribution by causing
size-dependent mortality, while competition may do so by causing
density-dependent growth and mortality (Bailey & Houde, 1989;
Cushing, 1995).

For a population to persist over many generations, compensa-
tory density dependence has to operate for at least some point of
the life cycle, so that the population growth rate tends to increase
when abundance is low and decrease when abundance is high; such
regulation can occur by long-term mean “input” rates (birth and im-
migration) scaling negatively with abundance and/or by “loss” rates
(mortality and emigration) scaling positively with abundance (Hassel,
1975; Hixon, Pacala, & Sandin, 2002; Rose, Cowan, Winemiller,
Myers, & Hilborn, 2001). For example, intra-specific competition
for limited resources such as food or habitat can potentially lead to
increased mortality or reduced fecundity when abundance is high.
Other mechanisms for density-dependent mortality include numer-
ical or behavioural responses of predators, parasites and diseases
(Bailey & Houde, 1989; Hixon et al., 2002). The compensatory den-
sity dependence is commonly assumed to take place early in life
for most marine fishes and is typically embedded in the relation-
ship between the biomass of spawners and the number of recruits
in fisheries models (e.g. Ricker, 1954, Beverton & Holt, 1957). This
assumption appears to be valid for many populations (Lorenzen &
Camp, 2018; Zimmermann, Ricard, & Heino, 2018), although den-
sity dependence may also occur later in life for some populations
(Andersen, Jacobsen, Jansen, & Beyer, 2017). When in the pre-re-
cruitment period the density dependence occurs, warrants further
investigation. Quantifying at which life stage density dependence
occurs is important, for example, to assess population conse-
quences of environmental influences on abundances of fish eggs

and larvae, as such environmental effects tend to be dampened if
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the subsequent juvenile stages show strong compensatory density
dependence (van Gemert & Andersen, 2018; Ohlberger, Rogers, &
Stenseth, 2014).

Competition can affect survival directly, for example through
starvation mortality, or indirectly, by leading to reduced growth
and development—which has survival consequences if mortality
depends on size or stage. In particular, there is strong evidence for
compensatory density dependence in growth during the early ju-
venile stage, which contributes to regulation of recruitment when
combined with increased mortality at small body size (Houde, 2008).
Competition can also hypothetically lead to increased mean body
size at high abundance. Specifically, if competition causes mortality

that disproportionally affects small individuals, mean body size may
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FIGURE 1
abundance and mean size of a year-class at subsequent ages or
stages (e.g.j =0, 1, 2 and 3 years of age)

Schematic outline of main processes that link

increase and this effect may counteract the growth rate effect of
competition.

In general, mortality rates of larval and juvenile marine fishes have
been found to decline with body size (Bailey & Houde, 1989; Sogard,
1997), although for single stages, size-mortality relationships may be
absent or even positive (e.g. Pepin, 2015). A key mechanism behind
the general pattern is likely to be size-dependent predation mortal-
ity, as small individuals are typically exposed to more potential pred-
ators than large individuals and escape ability typically increases
with body size (Bailey & Houde, 1989). Fast growth through the vul-
nerable size ranges of early life stages may then lead to high survival
(the 'stage duration hypothesis', Houde, 1987). Furthermore, mortal-
ity rates may decline with body size because tolerance to starvation
and physical extremes may be higher for larger individuals (Miller,
Crowder, Rice, & Marschall, 1988; Sogard, 1997). In such cases, fast
growth prior to a period with adverse environmental conditions, for
example the first winter of life for many high-latitude species, may
be important for survival through that period (Sogard, 1997).

Long-term monitoring surveys of eggs, larvae and juveniles
exist for a number of commercial fish populations. The time series
data have often been collected to get an early indication of year-
class strength to inform fisheries management (e.g. Dragesund,
Hylen, Olsen, & Nakken, 2008, Bailey, Zhang, Chan, Porter, &
Dougherty, 2012, McClatchie et al., 2014, Megrey, Hollowed,
Hare, Maclin, & Stabeno, 1996). Analyses of such time series have
shown that reasonable predictions of recruitment can sometimes
be obtained as early as the egg stage (Helle et al., 2000; Mukhina,
Marshall, & Yaragina, 2003), although processes at later ages also
come into play (Bogstad, Yaragina, & Nash, 2016; Stige, Hunsicker,
Bailey, Yaragina, & Hunt, 2013). Moreover, it has been shown that
not only abundance but also body size distribution of early life
stages provides information on future year-class strength (Bailey,
2000; Campana, 1996; Ottersen & Loeng, 2000; Stige et al., 2015).
Such data can provide valuable insights into the mechanisms
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that determine year-class strength, such as effects of density
dependence and the connections between growth and survival.
However, measurement errors and incomplete time series compli-
cate interpretations, as illustrated by the finding that abundance
indices of older pre-recruit life stages sometimes provide less
accurate predictions of recruitment than indices of younger life
stages (Stige et al., 2013).

We applied a statistical state-space analysis approach on six
commercially and ecologically important fish populations from cold
temperate and sub-arctic marine ecosystems. For each population,
we quantified how deviations in the abundance and mean body size
of a year-class during early life propagated through subsequent
pre-recruit age intervals. We thus identified both relevant ages
and mechanisms (i.e. density and size dependence in survival and
growth) linking recruitment variability to early life dynamics. The
state-space approach is well suited to account for common limita-
tions in long-term time series data such as measurement errors and
incomplete data coverage, and provides one coherent analysis that
links processes occurring through multiple age intervals. Our results
identified processes and ages that are important in influencing year-
class strength, and which warrant increased attention in terms of
monitoring and analysis to better understand and ultimately predict
recruitment variations. Specifically, the results underscored the im-
portance of large body size early in life for strong recruitment, but
also showed differences in the survival value of large body size and
in density dependence across life stages and species that we hy-
pothesize are explained by variations in the habitat and life histories

of the populations.

2 | CASE STUDIES

To obtain an in-depth understanding of the intertwined processes
of growth and survival at early life stages, we selected a number
of case studies based on populations for which we had access
to long-term fishery-independent time series of abundance and
mean body size for several pre-recruitment age groups (Table 1).
These populations included three economically and ecologically
important, and therefore well-monitored, species in the sub-arctic
Barents Sea (BS). The three fishes were the gadoids Atlantic cod
(Gadus morhua, Gadidae) and haddock (Melanogrammus aeglefinus,
Gadidae), and the forage fish capelin (Mallotus villosus, Osmeridae).
To generate hypotheses of general patterns that may be valid be-
yond the BS, we also included three comparable, well-monitored
gadoid populations from other sub-arctic and cold temperate eco-
systems, one population of haddock and two of walleye pollock
(Gadus chalcogrammus, Gadidae). All species are highly fecund with
large interannual variability in the number of offspring that survive
to recruitment.

The BS cod (also referred to as Northeast Arctic cod) is currently
the world's largest population of Atlantic cod. The BS cod spawns
along the north and west coasts of Norway, from where eggs, larvae
and pelagic juveniles drift with the currents into the BS, which is the
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TABLE 1 Summary of data series

Population Years? Age classes analysed Size metric
analysed
Barents Sea cod 1959-2015 Larvae (~3 mo.), age-0 (~5 mo.), Length
age-1 (~10 mo.), age-2, age-3
Barents Sea haddock 1959-2015 Larvae (~3 mo.), age-0 (~5 mo.), Length
age-1 (~10 mo.), age-2, age-3
Scotian Shelf and Bay 1970-2013 Age-0 (only size), age-1, age-2, Weight
of Fundy haddock age-3, age-4
Barents Sea capelin 1959-2015 Larvae (~3 mo.), age-0 (~5 mo.), Length
age-1 (~18 mo.), age-2
Eastern Bering Sea 1982-2016 Age-1, age-2, age-3, age-4 Weight
pollock
Gulf of Alaska pollock 1979-2017 Larvae (~2 mo.), age-0 (~6 mo.), Mixed®

age-1 (12 mo.), age-2, age-3

“Total year range. There were frequently gaps in several of the time series.

bLength for larvae and age-0, weight for ages 1-3. To facilitate interpretation of results, log lengths
were multiplied with 3 (equivalent to cubic transformation of lengths) to be on a comparable scale

as log weights.

nursery area and the feeding area of adults (reviewed by Ottersen
et al., 2014). At an age of around 6 months, the juveniles move from
pelagic to more demersal habitats, and at around 3 years, they enter
into the fishery.

The BS haddock (also referred to as Northeast Arctic haddock)
spawns along the west coast of Norway and the western shelf break
of the BS to the north of Norway at around 300 to 600 m depth
(Olsen et al., 2010). The pelagic eggs, larvae and juveniles drift with
the currents into the BS, where the juveniles largely switch to a de-
mersal life style in their first fall.

The BS capelin is a small pelagic fish that plays a key role in the
ecosystem as the main predator on mesozooplankton, and prey of
cod and haddock as well as several other fish species, sea birds and
marine mammals (Yaragina & Dolgov, 2009). The BS capelin is also
fished commercially, with the main fisheries in recent decades tar-
geting spawners (mostly 3- and 4-year-olds). Eggs are spawned on
the sea floor along the southern coasts of the BS where they develop
and hatchinto larvae. The larvae are pelagic and drift northwards and
eastwards into the nursery areas in the central BS, which, together
with the northern BS, are feeding areas of adults (Gjgsaeter, 1998).

Haddock on the southern Scotian Shelf and in the Bay of Fundy
(SSBF) are demersal and occupy waters from around 50 to 250 m depth
(DFO, 2006). The haddock from this population spawn in bottom wa-
ters on offshore banks, principally Brown's Bank between Nova Scotia
and Georges Bank (DFO, 2003; Shackell, Frank, Petrie, Brickman, &
Shore, 1999). Eggs are positively buoyant and rise to pelagic waters (10
to 50 m) (Cargnelli, Griesbach, Berrien, Morse, & Johnson, 1999). Eggs
and larvae are either retained on Brown's Bank (due to a clockwise
gyre circulation) or advected, often inshore, for example, into the Bay
of Fundy (Campana, Smith, & Hurley, 1989). Larvae metamorphose at
about 30 to 42 days and descend to bottom water habitats (Cargnelli
et al., 1999). While seasonal migrations occur, there is little exchange
with other haddock populations (DFO, 2006).

Walleye pollock is an ecologically and commercially important

species in the Eastern Bering Sea (EBS) ecosystem. They provide

forage for other commercially important fishes and species of con-
servation concern and support the largest commercial fishery in the
United States (around 1.2 million tons and >US$1 billion annually,
Hiatt et al., 2011, lanelli, Honkalehto, Barbeaux, Fissel, & Kotwicki,
2016). Pollock are pelagic spawners, and they spawn along the outer
continental shelf in the early spring. In general, they are semi-de-
mersal and become increasingly demersal with age, although age-2
pollock are thought to school higher in the water column than
age-1 (Duffy-Anderson et al., 2003). In most years, pollock recruit
to the fishery at age 4. The EBS pollock population is most likely
composed of multiple spawning aggregations varying in timing. The
earlier spawning aggregations (March) occur in the Bogoslof Island
and Unimak Pass regions, near the Aleutian Islands. Later spawn-
ing aggregations (March-May) occur along the Alaska Peninsula and
Pribilof Islands region (Bacheler, Ciannelli, Bailey, & Duffy-Anderson,
2010; Hinckley, 1987).

Walleye pollock in the Gulf of Alaska (GOA), while not as abun-
dant as in the Bering Sea, do play a nodal role in the ecosystem
as both predator and prey (Gaichas & Francis, 2008), and support
a US$40M fishing industry (Dorn et al., 2016). In March and April,
GOA pollock gather to spawn primarily in the Shelikof Strait region
between Kodiak Island and the Alaska Peninsula. As in the EBS, pol-
lock occupy midwater habitat across the shelf as age-0 juveniles
(Brodeur & Wilson, 1996), moving to deeper water with age.

3 | METHODS

3.1 | Correlation analysis

For each fish population, we first conducted a simple correlation
analysis between year-class strength and mean body size at the ear-
liest age with available data, and year-class strength and mean body
size around the age of recruitment to the fisheries. Pearson's cor-
relations were computed for log-transformed time series, consist-

ent with the scale used in subsequent analyses. These correlations
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served as motivation for developing statistical state-space models
that showed in detail the links between abundance and body size

across multiple age intervals leading up to recruitment.

3.2 | State-space statistical models of age-
resolved dynamics

All populations were analysed using a state-space modelling
framework for analysing time series of abundance and mean body
size at different ages. The focus was to identify the roles of abun-
dance and body size for growth and survival from one age to the
next. Year-to-year changes in abundance and mean body size of
a year-class were described by a multivariate discrete Gompertz
model, which has the advantage that it can be written in a linear
form and is also a good first-order approximation of more com-
plex dynamics (lves, Dennis, Cottingham, & Carpenter, 2003). The
Gompertz model differs from the commonly used Ricker model
for fish recruitment (Ricker, 1954) in that the density-dependent
mortality rate is assumed to scale with log-abundance rather than
with abundance. The support in the data for using a Gompertz
model was assessed for all populations and ages (see “Estimating
model parameters”). The model structure was based on Figure 1
and is described by the following equations:

In(N;;) =a;+b;-In (N;j_1) +¢-In (S;_1) + & 1)
In(S;;) =A;+B;-In (N;j_y) +C;-In (1) + & 2)

Here, N;J is the abundance of a year-class bornin yeariat an agej.
Su is average body size (measured as length or weight dependent on
population; see the section “Observation data”). Predictor effects in
Equation 1, describing changes in log-abundance, have a straightfor-
ward interpretation in terms of effects on instantaneous mortality
rate (e.g. Ives et al., 2003). This can be seen by writing Equation 1 on

arithmetic scale:

Nij=exp (1) - Njj_1, where 3)

rj=a;+ (bj=1)-In (Njj_1) +¢-In(S;_1) +5;5 (4)

Here, rj is the instantaneous rate of change in abundance, that is,
immigration - (mortality + emigration) rates for a given year and age
interval. If immigration and emigration can be ignored, Equation 4
captures linear and additive effects of log-abundance and log-size on
the instantaneous mortality rate. Correspondingly, Equation 2 can
be written on arithmetic scale as follows:

S;j=exp () - Sij_1. Where (5)
g”-:Aj+Bj~In (N”;l) + (Cj—l) -In (Si,jfl) +&jj (6)

Here, 3 is the instantaneous rate of change in mean body size,
which reflects growth and size-dependent survival. The age-spe-
cificintercept (aj) in Equations 1 and 4 reflects the level of density-
independent mortality and, if relative indices are used, scaling.

Note that for convenience, we refer to effects of abundance as

I 5
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density dependence, assuming that year-class abundance is a rel-
evant measure of crowding. In a supplementary analysis, we con-
sidered, however, an alternative model that explicitly included
inter-cohort density dependence (Ricard, Zimmermann, & Heino,
2016), by adding effects of year-class i — 1 to Equations 1 and 6.
Coefficient b]. quantifies density dependence in mortality (with no
density dependence at b = 1, complete compensation at b = 0 and
overcompensation at b < 0). Coefficient G quantifies the effect of
mean body size on survival. The coefficient Bj in Equations 2 and
6 quantifies the effect of abundance on the instantaneous rate
of change in mean body size. Coefficient C!. quantifies compensa-
tion in body size with age (with no compensation of anomalies in
body size at C = 1, complete compensation at C = 0 and overcom-
pensation at C < 0). ¢ and ¢ are normally distributed (potentially
correlated) process errors with means zero. The process errors
capture effects of environmental conditions not explicitly mod-
elled. The equations for the youngest age analysed only include
the intercept and process noise terms.

A possible drawback of this model formulation is that with some
parameter values, year-class abundance may be predicted to increase
with age. In our empirical analysis, this feature mainly affects the in-
terpretation of the results, meaning that posterior distributions may
include biologically unrealistic parameter values (as is often the case
in statistical analyses). This model formulation simplified, however,
the inclusion of relative abundance indices with unknown scaling to
true abundance, as we did not have to estimate the scaling factors
(which would have been strongly correlated with the levels of den-
sity-independent mortality).

The model was fit in a state-space framework, whereby N and S
were considered unobserved state variables that were linked to the
observations through an observation model. This way, uncertainties
about biological processes and observation noise were explicitly ac-
counted for, to provide unbiased parameter estimates and appropri-
ate confidence bands (Clark & Bjgrnstad, 2004). The approach also
accommodated missing values in the time series. Specifically, the
observed abundance I\'I,J and body size .‘f,yj were linked to N;;and S,
according to Equations 7 and 8:

In (K ) =In (Ny) +e (7)

In(Sy)=In (S) +2 8

Here, e and z are independent and normally distributed obser-

vation errors with means zero and standard deviations oK and oy

3.3 | Estimating model parameters

All parameters of the model were estimated jointly by using a
Bayesian Markov Chain Monte Carlo (MCMC) approach. For this
purpose, we used the program JAGS (Just Another Gibbs Sampler)
and the rjags and R2jags packages of R (Plummer, 2016). The likeli-

hood function was created based on the model and the data, and
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in combination with the prior distributions of the parameters, the
posterior distributions were estimated.

We modelled correlated process errors by drawing € (Equation
1) from a normal distribution with standard deviation opj and by
drawing Gij (Equation 2) from a normal distribution with standard de-
viation og; and adding p; - ¢; /oy;. We thus estimated three variance
parameters, Opj O and Pp for each age j. The variance of € is GN/'Z'
the variance of Gij is 05;2 + piz and the covariance between & and Gij
is p;" O

As recommended by Ives et al. (2003), we used best guesses of
observation error variances when possible. To obtain convergence
when we had no information on the magnitude of observation er-
rors, the observation error variance was generally assumed to be
the same for all years and identical to the corresponding process
error variance (i.e. "N,'Z = o—N].2, (ysf = 05;2 + pj2). In a sensitivity anal-
ysis, we multiplied the observation error standard deviations by
either 0.5 or 1.5 and assessed effects on posterior parameter dis-
tributions. As part of the sensitivity analysis, standard deviations
of observation errors that were assumed known were multiplied
with 1.5 (but not with 0.5) to assess the influence of possible un-
known error sources. For some of the most data-rich populations
(BS cod and BS capelin), unknown observation error variances were
estimated from the data (independent of process error variances).

Prior distributions for parameters in the process model were
uniform and broad to let the data drive the inferences. We chose
the following uniform prior distributions of model parameters.
Intercepts aj Aj: (=20, 20), density dependence in survival bi: (-1,
1), density dependence in size changes Bj: (-1, 1), size dependence
in survival ¢ (=20, 20), size dependence in size changes Cj: (-1, 1),
variance parameters Opjr Ospr O Ot (0, 10), P (-10, 10). A wider
prior distribution for size effects on abundance (c}.) than abun-
dance effects on size (B].) was used because of much larger In-scale
variance in abundance than size. Prior distributions for the val-
ues of the unobserved state variables at the first time stepi =1
(NM, 51,,') were uniform and bounded by the observed ranges of
the variables.

We used three independent chains with 300,000 iterations,
where the first 30% of the iterations were used as “burn-in” iter-
ations to ensure that the chains had converged. In addition, we
thinned the chains to reduce autocorrelation in the posterior sam-
ples and to produce a reasonable amount of output, in this case re-
sulting in 1,000 samples from each chain, in total 3,000.

We used the Gelman and Rubin R convergence diagnostics
(Gelman & Rubin, 1992) and visual inspection of the chains to en-
sure convergence. The R compares within-chain and between-chain
variance and should be close to 1 at convergence (Gelman & Rubin,
1992). If the multivariate R or the upper 95% confidence limit for
ﬁ for one or more model parameters was larger than 1.03 or there
were other signs of poor convergence, we first increased the num-
ber of iterations from 300,000 to 1,000,000, and if that did not
solve the issue, we simplified the model formulation as described
in the description of the model development for each population in
Appendix S2 (Supporting Methods).

We checked for violations of key model assumptions by inspecting
(a) time series plots of state variables for abundance and body size
(posterior medians and 95% credibility intervals) and observations, (b)
pairwise plots of log-abundance and log-size at time t versus log-abun-
dance and log-size at time t + 1, which should show approximately
linear relationships if the Gompertz model formulation is appropriate
and (c) quantile-quantile normal probability plots of “residuals”, cal-
culated as deviations between log-scale observations and posterior
medians of state variables, which would reveal possible outliers and
strong departures from normality. We used the Grubbs test (Grubbs,
1969) to assess whether outlier residuals were more extreme than
expected by chance and refitted the model without the statistically
significant outliers to assess their possible influence on results.

To identify correlated parameters that should be interpreted
jointly, we computed correlations between posterior distributions
for all parameter pairs and plotted those larger than 0.4 in absolute

value.

3.4 | Hypothetical example

To illustrate the analysis approach, we analysed synthetically gener-
ated data. The synthetic data were randomly generated based on the
generic model presented in Figure 1 and analysed as the real data.
Computer code and results are shown in the online Appendix S1.

3.5 | Observation data

The data needed for the proposed analyses are time series of abun-
dance and mean length or weight at different ages or stages prior
to recruitment, preferably including uncertainty estimates. Whether
to prefer length or weight data if both are available is not obvious.
Both length and weight could potentially be important for dynamics.
Weight may be the best indicator of condition, and length an indica-
tor of role as predator or prey in the food web. Measurement is-
sues can also influence which size measure to prefer. For example, as
weight is more seasonally variable than length, weight is potentially
more sensitive to year-to-year differences in sampling time. Weight
may also to a larger degree than length be susceptible to fluctuations
at timescales from hours to weeks, which may be of little relevance
for interannual dynamics. The analysis framework can accommodate
relative abundance indices, that is, with unknown scaling to true
abundance, and the time series can include missing values. More than
one index of an age-class can also be used, if available. For this analy-
sis, we assembled time series of abundance and size (weight and/or
length, dependent on data availability), for age classes ranging from
the earliest age measured (larvae, age-0 or age-1) through to the age
at which recruitment to the fishery occurs (age 2 to 4; summarized
in Table 1, with more detailed information about year coverage, data
sources and uncertainty estimates provided in the online Appendix
S2, Tables S1-S5; the time series are shown in Appendix S3, Figures
S1-S6, and provided in Appendix S4. Data). Changes in survey cov-
erage or methodology could potentially bias parameter estimates if
coinciding with trends in size or abundance. We took into account
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that the survey coverage for BS cod and BS haddock at ages 1-3
changed in 1993 by adding an extra parameter to the observation
equations for abundance (Equation S1, Appendix S2). All data series

were centred to have a mean of zero prior to analysis.

4 | RESULTS

4.1 | Correlation analysis

The correlation analysis focused on the relationship between abun-
dance and mean size around the age of recruitment to the fisheries
and the youngest age with data for each population. This analysis
showed that for BS cod as well as for BS haddock, age-3 abundance
was similarly strongly correlated with abundance and annual mean
length of the larvae three years previously (Figure 2). For SSBF had-
dock and EBS pollock, age-4 abundance was significantly correlated
with abundance but not mean weight at age 1 three years previ-
ously. For SSBF haddock, weight but not abundance at age O was

(a) BS cod (d) BS capelin
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FIGURE 2 Correlation analysis for associations between
abundance (N) and mean body size (S) at the youngest and oldest
age analysed for each population (subscripts denote age). The
number below each arrow is Pearson's correlation coefficient for
the association represented by the arrow. Negative correlations
are shown by red arrows, positive by blue, with arrow width
proportional to correlation strength. Dotted-lined arrows are not
statistically significant at p < 0.05
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available, showing a positive association of age-0 weight with age-4
abundance (r = 0.59, p = 0.01) but not with age-4 weight (r = 0.29,
p = 0.28) four years later. For BS capelin and GOA pollock, abun-
dance at age 2 (for capelin) or 3 (for pollock) was neither correlated
with abundance nor mean length as larvae.

None of the six populations showed significant correlations be-
tween body size at the youngest age analysed and body size at the
oldest age analysed. For two of the populations, BS cod and BS cape-
lin, there were statistically significant negative correlations between
larval abundance and mean body size of the year-class at the oldest
age analysed. For BS haddock, the statistical power of these correla-
tion tests is low due to small sample size (N = 12 years). Hence, we
also analysed the age-0 data for this population, finding that mean
length at age 3 was negatively correlated with age-O abundance
(r=-0.42, N = 33, p = 0.02) as well as length (r = -0.44, N = 33,
p = 0.01) three years previously.

The age-resolved state-space analysis explored the links be-
tween variability in abundance and body size early in life in more
detail.

4.2 | Model diagnostics and sensitivity analyses for
age-resolved dynamics

Model diagnostics and sensitivity analyses suggested that the main
results of the state-space statistical analysis of age-resolved dy-
namics were robust to the key model assumptions. Nonetheless,
it should be noted that while results appeared qualitatively robust,
the assumptions made regarding magnitudes of observation errors
do influence some of the parameter estimates (see Appendix S3:
Supporting Results for details).

4.3 | Across-population comparison

All populations with sufficient data showed low (close to 0) esti-
mates for effects of size as larvae or age-0 juveniles on size at sub-
sequent ages (2nd column in Figure 3, representing Cj coefficients
in Equation 2. Low estimates for effects of size on size mean little
consistency across ages in size deviations: mean body size of larvae
and age-0 juveniles are poor predictors of mean body size at later
ages—as also shown by correlation analysis.

Three populations, BS cod, BS haddock and SSBF haddock,
showed positive associations between age-0 size and age-1 abun-
dance (1st columnin Figure 3, representing G coefficients in Equation
1. Note that while age-0 size was not necessarily a good predictor of
size later in life for these populations, it did predict abundance.

For four of the populations, BS cod, BS haddock, BS capelin and
GOA pollock, there was statistical evidence for negative effects
of abundance on size for at least one age interval (4th column in
Figure 3, representing B]. coefficients in Equation 2. There did not
seem to be a pattern of age intervals with negative effects of abun-
dance on size, the expected consequence of compensatory density
dependence in growth (4th column), also showing weak associations
in abundance—the expected consequence of compensatory density
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FIGURE 3 Parameter estimates for state-space statistical model results for the six populations analysed. Points and error bars represent
posterior means and 95% credibility intervals of parameters. The four columns represent, respectively, parameters o Cj, bi and Bi in

Equations 1 and 2 with the x-axis representing the subscript j

dependence in survival (3rd column, representing b]. coefficients in

Equation 1.

4.4 | Barents Sea cod age-resolved results

State-space analysis of the processes that link the larvae to recruit-
ment at age 3 for BS cod suggested that the positive association
between larval length and recruitment identified in the correlation

analysis was mainly a result of a positive association between age-0

length and age-1 abundance (Figure 4a, Table Sé). The negative as-
sociation between larval abundance and age-3 length was explain-
able through a negative association between age-0 abundance and
age-1 length. Age-to-age associations in abundance were similarly
strong for all age intervals from larvae to age-3 while age-to-age
associations in length were weakest at the earliest age intervals,
with, in particular, age-O length being a poor predictor of age-1
length. Note that parameters for effects of abundance and length

were correlated with each other, which leads to higher variance of
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(a) Barents Sea cod

FIGURE 4 Schematic presentation of state-space statistical model results for the six populations analysed. The results show associations
between abundance (N) and mean body size (S) at subsequent ages early in life (subscripts denote age). Negative estimates are shown by red
arrows, positive by blue, with arrow widths proportional to parameter estimates. Dotted-lined arrows: 95% credibility intervals include zero

each parameter when interpreted alone (Figure S7 in Appendix S3:
Supporting Results).

4.5 | Barents Sea haddock age-resolved results

Similar to BS cod, we found that the positive association between
larval length and recruitment in BS haddock was mainly a result of
a positive association between age-0 length and age-1 abundance
(Figure 4b, Table S7). Results also showed negative associations be-
tween abundance and changes in mean length from age O onwards,
but these associations were weaker than for BS cod. The uncertainty
in these and other parameters was inflated because of correlation
between parameters (Figure S8 in Appendix S3). Interestingly, the
negative association between mean lengths of a year-class at ages O
and 3 (while not statistically significant for larvae, Figure 2) seemed
to be due to positive associations between length and changes in
abundance at early ages combined with negative associations be-

tween abundance and changes in length at later ages.

4.6 | Scotian Shelf and Bay of Fundy haddock age-
resolved results

The age-resolved analysis for SSBF haddock showed that the

positive association between age-O weight and age-4 abundance

identified in the correlation analysis was caused by a positive asso-
ciation between age-0 weight and age-1 abundance (Figure 4c, Table
S8). However, without data on age-0 abundance, it was not possible
to assess whether this association might be confounded by a pos-
sible positive association between weight and abundance at age 0.
We found no evidence for abundance effects on weight or weight
effects on abundance between ages 1 and 4. Lack of associations
between weights at ages 0 and 1 with weight at age 4 was caused by

weak age-to-age associations in weight before age 2.

4.7 | Barents Sea capelin age-resolved results

Consistent with the correlation analysis, we found no evidence for
effects of length on subsequent abundance for BS capelin (Figure 4d,
Table S9). The negative association between larval abundance and
length at age 2 shown by the correlation analysis seemed to be ex-
plained by a negative association between age-1 abundance and
age-2 length. Note, however, that parameters for effects of abun-
dance and length at age O on abundance and length at age 1 were
correlated with each other, which leads to higher variance of each
parameter when interpreted alone (Figure 510 in Appendix S3). Age-
to-age associations in abundance were weakest from age O to age 1.
Age-to-age associations in length were particularly weak from larvae

to age O and uncertain for later ages.
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4.8 | Eastern Bering Sea pollock age-
resolved results

Consistent with the correlation analysis, we found no evidence for
effects of weight on subsequent abundance or abundance on weight
for EBS pollock (Figure 4e, Table S10). Age-to-age associations in
abundance were weakest from age 1 to age 2. Age-to-age associa-
tions in weight were uncertain for early age intervals because of cor-
related parameters for weight and abundance effects (Figure S11 in
Appendix S3).

4.9 | Gulf of Alaska pollock age-resolved results

While the correlation analysis for GOA pollock revealed no signifi-
cant links between larval abundance and length with age-3 abun-
dance and weight, the age-resolved analysis revealed a negative
association between age-1 abundance and age-2 weight (Figure 4f,
Table S11). One consequence of this negative association (combined
with the positive association between abundances at ages 1 and 2)
is that a negative correlation between abundance and size is estab-
lished at age 2 (r = -0.73). As a result, model coefficients for the
transition from age 2 to age 3 are uncertain, because it is difficult
to separate effects of abundance from effects of size (Figure S12 in
Appendix S3). If we parsimoniously assume no effects of age-2 size
on age-3 abundance (c,) or of age-2 abundance on age-3 size (B;), the
coefficients for the age-to-age associations in abundance (b;) and
size (C,) are both between 0.5 and 1 (Figure $12). This means that the
weak correlations between larval and age-3 abundances and lengths
found by the correlation analysis were mainly explainable by weak
links between age-0 and age-1 abundances and lengths.

We found no evidence for size effects on abundance; this con-
clusion did not change if the sparse age-O data were omitted from
the model, and associations between larval abundance and length
and age-1 abundance were assessed directly (shown as the “baseline
model” for GOA pollock in Figure S15 in Appendix S3). While the ef-
fects of larval abundance on age-0 length and of larval length on age-0
abundance were not modelled, the available data did not suggest
strong correlations (larval abundance—age-0 length: r = -0.21, N = 9,
p = 0.58; larval length—age-0 abundance: r = 0.03, N = 9, p = 0.94).

Note that parameter estimates for effects on age-O abundance
and length should be interpreted with caution as they unrealistically
assumed no process errors and known observation errors (see the
description of the model development for GOA pollock in Appendix
S2). Based on simple correlation analysis, the associations were signif-
icant at a = 0.10 rather than 0.05 (larval—age-0 abundances: r = 0.66,
N =9, p = 0.05; larval—age-0 lengths: r = 0.60, N = 9, p = 0.09).

4.10 | Inter-cohort density dependence

Models that included inter-cohort density dependence (Figure S15
in Appendix S3: Supporting Results) suggested that age-2 length in
BS haddock was more strongly and negatively associated with the

abundance of age-2 fish the year before than with the abundance

of its own year-class (i.e. age-1 the year before). The same was the
case for BS capelin. There was no indication of negative effects of
abundance of the older fish on survival; on the other hand, some
estimates were positive. These results should be treated with some
caution due to slow convergence and several strongly correlated
parameters for inter- and intra-cohort density dependence (not
shown).

5 | DISCUSSION

Monitoring surveys of fish eggs, larvae and juveniles are routinely
conducted for a range of commercially important species to get
early indications of year-class strength and to understand better the
“black-box” recruitment process (e.g. Dragesund et al., 2008). Here,
we demonstrate how we can gain new insights into early life dynam-
ics prior to recruitment to the fishery by linking abundance and size
information at several pre-recruitment ages in one coherent analysis.
Specifically, by moving beyond abundance correlations, we identify
relevant stages and mechanisms that shape recruitment variability.
Key findings for the six populations analysed are a possible link be-
tween life history and when size matters for survival, a possible link
between size-dependent mortality and density-dependent growth,
and a possible “decoupling” between density dependence in growth
and density dependence in survival.

5.1 | When does size influence abundance?

Our results suggest size-dependent survival for three of the six
populations. Specifically, for BS cod, BS haddock and SSBF haddock,
large mean body size as larvae and/or juveniles is associated with
high survival during the first winter (i.e. as expressed as high age-1
abundance) and with strong recruitment three to four years later.
The associations between mean body size and changes in abundance
are most parsimoniously explained in terms of survival, as we con-
sider systematic associations between body size and migration in
and out of the survey areas or with catchability less likely. For SSBF
haddock, some caution is needed, as we lack abundance data from
the first year of life, and it is possible that the size-abundance rela-
tionship is already established at the onset of the first winter. These
associations are consistent with earlier studies correlating larval and
juvenile size of BS cod and BS haddock to recruitment (e.g. Ottersen
& Loeng, 2000, Stige et al., 2015) and with findings that large size
of temperate juvenile fishes is frequently associated with enhanced
winter survival (Sogard, 1997). One implication of these findings is
that in order to understand and potentially predict recruitment in
these populations, it is important to investigate how environmental
factors influence size and abundance during the first growing sea-
son, in contrast to later ages when size appears to be relatively un-
important for survival.

For BS capelin, EBS pollock and GOA pollock, we found no asso-
ciations between body size and survival. Note that for EBS pollock,
we lacked data prior to the first winter. However, year-class strength
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of EBS pollock has previously been associated with total energetic
reserves acquired by juvenile fish before the first winter, as mea-
sured by the product of energy density and body size; thus, body
size alone may not be sufficient for high survival (Heintz, Siddon,
Farley, & Napp, 2013). One possible explanation for the lack of as-
sociation for GOA pollock is a long-term increase in predation rates
by a growing predator population (arrowtooth flounder), which has
had a major impact on juvenile survival (Bailey et al., 2012), and may
have masked any patterns of size-dependent survival. Hence, lack of
detected association in our study does not necessarily imply lack of a
biologically significant relationship, as it was not feasible in our study
to control for effects of environmental changes on survival that po-
tentially dominated over the effects of intra-population factors. The
non-significant effect of size on age-0 and age-1 abundance in BS
capelin is, however, consistent with an age-resolved analysis that did
account for effects of environmental covariates (Stige et al., 2010).

One possible explanation for survival benefits of large size is
that large individuals are more tolerant of starvation or physical ex-
tremes than smaller conspecifics (Miller et al., 1988; Sogard, 1997).
Large body size often means high energy reserves, which can in-
crease survival through a period with adverse environmental con-
ditions. The finding that size appears to be particularly important
for survival during the first winter of life supports this explanation:
The first winter of life may be energetically demanding for high-lat-
itude fishes due to lower food availability than in summer, limited
light available for visual feeding, unfavourable temperature condi-
tions and, for many species, needs for behavioural adaptations as
the juveniles move from pelagic to more demersal habitats. We note
that low recruitment in BS cod and BS haddock is associated with
low temperatures during the first winter of life (Bogstad, Dingser,
Ingvaldsen, & Gjgsaeter, 2013), indicating that environmental con-
ditions in this period of life are important for survival. However,
predation regimes may also change around this period of life, espe-
cially for species that move from pelagic to demersal habitats. For
example, at this time, BS cod and BS haddock become more exposed
to predation from demersal fish, including from the older, demersal
stages of cod, which are known to significantly affect recruitment of
both BS cod and haddock (e.g. Yaragina, Bogstad, & Kovalev, 2009,
Stige et al., 2010). Such increased predation may be size selective, as
large individuals are likely to have fewer predators and be better at
escaping the predators than smaller conspecifics (Bailey & Houde,
1989; Houde, 1987). Stomach content data suggest that large body
size at the end of the first growing season may potentially reduce
predation risk: cod of 10-14 cm is the most abundant prey length
group of cannibalistic BS cod (Yaragina et al., 2009), while annual
mean lengths of age-1 BS cod in our data vary from 10 to 18 cm (and
of age-1 BS haddock from 14 to 17 cm). It is therefore possible that
in years with high mean body size of age-O cod and haddock, the
juveniles grow more rapidly out of the size range most susceptible to
predation from older cod, leading to increased survival.

We note that all the populations with evidence of size-depen-
dent survival change from pelagic to more demersal habitats as juve-
niles, prior to their first winter (Bergstad, Jgrgensen, & Dragesund,
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1987; Cargnelli et al., 1999). In comparison, walleye pollock in the
EBS and GOA appear to have a more gradual transition from pelagic
to demersal habitats, with age-0 fish being pelagic, age-4 and older
fish being demersal, and age-1 and age-2 fish being found in both
habitats (Duffy-Anderson et al., 2003). Capelin are pelagic as lar-
vae, juveniles as well as adults (Gjgsaeter, 1998). The transition from
pelagic to demersal habitat is associated with habitat-linked shifts
in density-dependent mortality, diet and predators (Juanes, 2007).
As a hypothesis for further research, we propose that our findings
may reflect a general pattern, namely that large body size at a tran-
sition from pelagic to demersal habitats may often give increased
survival due to either size-dependent predation by demersal fish or

increased energy reserves.

5.2 | When does abundance influence size?

Our results suggest compensatory density dependence in growth
for four of the six populations. Specifically, for BS cod, BS haddock,
BS capelin and GOA pollock, we found that high abundance is asso-
ciated with low mean body size at a later age, mainly at age 1 for BS
cod and BS haddock and age 2 for BS capelin and GOA pollock. No
such associations were found for SSBF haddock or EBS pollock, but
we note that we lacked data to analyse possible effects on size at age
1 for both these populations. These associations can be interpreted
as compensatory density dependence in growth, that is, that at high
abundance, mean growth is reduced, and/or as a combination of
density-dependent mortality and size-dependent mortality, that is,
that increased mortality at high abundance disproportionally affects
large individuals. We consider that compensatory density depend-
ence in growth is the most parsimonious explanation, as a pattern of
size-selective mortality disproportionally affecting large individuals
would be contrary to what is expected under crowding.

The timing of the apparent density-dependent growth of BS cod
and BS haddock coincides with the size-dependent survival during
the first winter of life and is consistent with competition for suitable
space for feeding as well as shelter from predation when pelagic juve-
niles settle to the sea floor (Juanes, 2007). As we found no indication
of size-dependent survival after age 1, we do not expect that reduced
size at age 1 at high abundance influences survival to ages 2 and 3 (i.e.
recruitment), although it could influence, for example, reproductive
potential later in life. Unfortunately, we lack data to assess whether
SSBF haddock also show density-dependent growth when they
change from pelagic to demersal habitat. Density-dependent growth
during pelagic stages of BS capelin is likely a result of exploitative
competition, as the capelin have a strong top-down effect on the
biomass of their zooplankton prey, which in turn have a positive bot-
tom-up effect on capelin size at age (Gjgsaeter, Dalpadado, & Hassel,
2002; Stige, Kvile, Bogstad, & Langangen, 2018). The timing of strong
intra-specific competition at age 2 in capelin is consistent with the
average total biomass doubling from age 1 to age 2 before declining
in ages 3 and 4 (according to 1972-2015 survey data). Interestingly,
density-dependent growth to age 2 in BS capelin impacts popula-
tion dynamics by fast growth leading to earlier (size-dependent)
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maturation and higher mortality after age 2 (as most of the capelin
are thought to die shortly after spawning, Gjgseeter, 1998). Results
suggested density-dependent growth of GOA pollock from age 1 to
age 2, while EBS pollock showed no density dependence in growth.
We hypothesize that this difference may be related to winters being
longer and colder in the EBS relative to the GOA. Hence, growth of
EBS pollock may more often be temperature limited rather than food
limited (Laurel, Spencer, Iseri, & Copeman, 2016), and thereby less
likely to show density dependence.

It should be added that the negative associations between abun-
dance and changes in body size do not necessarily reflect causal
effects of crowding, but could be caused by extrinsic factors cor-
related with abundance. For example, the negative associations
between abundance and changes in body size in BS cod and BS
haddock can alternatively be explained by high temperatures caus-
ing both high survival of eggs, larvae and early juveniles and strong
currents transporting the juveniles farther eastwards than normal in
the Barents Sea, where ambient temperatures are low and individ-
ual growth slow (Ottersen, Helle, & Bogstad, 2002). The resulting
contrast between temperatures experienced at different ages would
also explain the negative correlation found between BS haddock size
at ages 0 and 3. Analyses of spatially resolved data would be needed
to assess this hypothesis.

5.3 | When is mortality density-dependent?

Our study provides estimates of the strength of compensatory den-
sity dependence in survival, a key factor for understanding popu-
lation dynamics and how fishing and other factors influence fish
populations (Rose et al., 2001). To our surprise, the ages with strong-
est indications of compensatory density dependence in growth were
not the ages with strongest indications of compensatory density de-
pendence in survival. A possible interpretation is that there may not
be a direct correspondence between density dependence in growth
and density dependence in survival. For example, for both BS cape-
lin and GOA pollock it appears that density dependence in survival
occurs at a younger age than density dependence in growth. This
pattern could be caused by low energy storage capacity of small fish
(Miller et al., 1988), which may make young life stages particularly
susceptible to starvation mortality under crowding, whereas older
life stages may to a larger extent be able to grow poorly while still
surviving periods of starvation. This result must be interpreted with
caution, as our method may provide rather rough estimates of den-
sity-dependent survival. The pattern is, however, consistent with
density dependence early in life typically being reported to affect
abundance (i.e. recruitment), whereas density dependence after the
recruitment age mostly being reported to occur through growth
rather than survival (Andersen et al., 2017; Zimmermann et al., 2018).

5.4 | Inter-cohort density dependence

Our main models only considered within-cohort density depend-
ence. When also considering the possible density effects of the

preceding year-class, results suggested that growth of BS capelin
and BS haddock was more strongly regulated by the older fish than
by the year-class itself. We speculate that this result might reflect
asymmetric competition, for example because the older fish displace
the younger fish to sub-optimal habitats (which is consistent with
the age-1 and age-2 groups of capelin dividing the Barents Sea by
forming migratory waves that move in opposite directions, Fauchald,
Mauritzen, & Gjgsaeter, 2006). We note that also the main models
suggested density dependence in growth at these age intervals,
but that the additional results provide more detailed insights into
which density (which age) the growth depends on. The positive
estimates for density effects of the preceding year-class on abun-
dance are likely caused by auto-correlated effects of factors not
explicitly modelled, such as predation effects on survival. Similarly,
Ricard et al. (2016) found positive lag-1 autocorrelation in recruit-
ment residuals for a large number of Atlantic fish stocks. Ricard et
al. (2016) found, however, negative autocorrelation in a number of
stocks at time lags from three to five years, suggesting cannibalism
or inter-cohort competition. Accounting for such interactions in the
state-space analysis of age-resolved dynamics would require careful
consideration of which ages are potential competitors or predators
on other ages, for example, based on diet data. Our consideration
of only the one-year-older age-class most likely addressed the com-
petitors, while potentially missing cannibalism by older fish.

5.5 | Methodological limitations and prospects for
future studies

While the state-space analysis approach here applied has poten-
tial to reveal new insights, the method has limitations. In particular,
the estimation of density dependence may be strongly sensitive to
observation error assumptions, thus necessitating sensitivity analy-
ses unless the magnitudes of observation errors are known (Auger-
Méthé et al., 2016; Ives et al., 2003). As shown by the sensitivity
analysis we conducted (Figure S14 in Appendix S3), uncertain mag-
nitudes of measurement errors contribute to uncertainty in the pa-
rameter estimates in our study, although our main findings appear
robust. Further, factors not explicitly modelled could bias parameter
estimates if correlated with abundance or body size. Such variables
include climate factors, abundances of prey, predators and com-
petitors from other year-classes or species, and unaccounted-for
changes in survey coverage or mesh size. Adding such variables in
the analysis would lead to more unbiased parameter estimates, but
with more variables in the model, the credibility intervals for the pa-
rameters may increase, and model development would be more com-
plicated and computation time might be restrictive. Alternatively,
resulting patterns revealed by the state-space approach can be in-
terpreted with respect to other possible factors (e.g. prey, preda-
tors, competitors) before underlying mechanisms are theorized. We
chose not to add environmental covariates, but note that, as in all
statistical modelling, the results are in principle correlative and need
to be interpreted accordingly. Strong trends in the data, due to, for
example, overfishing or regime shifts, would also complicate analysis
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and interpretation of results, both for statistical reasons (the effec-
tive degrees of freedom would be low) and because the population
dynamics may have changed (become non-stationary). Variability at
timescales of around 1-10 years generally dominated over the long-
term trends in our data (Figures S1-S6 in Appendix S3), but we note
that the negative association between age-0 abundance and age-1
length in BS cod was likely driven by a long-term increase in age-0
abundance and a decrease in age-1 length since the 1980s.

Despite these limitations, using a state-space analysis approach
has advantages compared with simple correlation analysis, by utiliz-
ing information from several ages or life stages in a coherent analysis
framework. For example, while the correlation analysis identified
positive relationships between larval or juvenile size and recruitment
in three populations, the age-resolved state-space analysis showed
at which age these relationships were established. Hence, our re-
sults shed light on the possible mechanisms that link early life stages
to recruitment. Further, correlation results might be inconsistent, for
example showing strong association between abundance at ages 1
and 3 but not between ages 2 and 3, hence implicitly pointing to un-
certainties in the data. Results from a state-space analysis are easier
to interpret as such inconsistencies are avoided while uncertainties

in the data are explicitly accounted for.

6 | CONCLUSIONS

Our study provides a novel perspective to study recruitment dy-
namics by focusing in-depth on the intertwined processes of growth
and survival at early ages. The approach paves a way for a better,
more meaningful understanding of recruitment processes compared
with directly linking recruitment to the biomass of spawners, as is
often done in recruitment models. We encourage others to apply the
method presented in our study to other populations where data are
available. Our results underscore the importance of size for survival
early in life and suggest that size-dependent mortality and density-
dependent growth frequently occur at a transition from pelagic to
demersal habitats. Overall, these findings can be used to develop
mechanistically based hypotheses of large-scale patterns in early life
dynamics, guide future research by identifying stages and processes
that are particularly important for recruitment and improve recruit-
ment predictions.

ACKNOWLEDGEMENTS

We thank Gjert E. Dingsgr and Elena Eriksen for help with access-
ing Barents Sea capelin data. Esther Goldstein, Daniel Cooper,
George Hunt Jr and an anonymous reviewer provided construc-
tive feedback on earlier versions of this manuscript. We thank
the Research Council of Norway (RCN) for funding the workshop
NAMOR (grant no. 267577). L.C.S. and J.M.D. were supported
by the RCN through the project SpaceShift (grant no. 280468).
A.B.N. was supported by an AIAS-COFUND Fellowship at the
Aarhus Institute of Advanced Studies, which receives funding from

e 13
FISH and FISHERIES = “=-=AWVA| LEYJ—

the Aarhus University Research Foundation (Aarhus Universitets
Forskningsfond) and the European Union's Seventh Framework
Programme, Marie Curie Actions (grant agreement 609033).
A.B.N. also received support via the National Science Foundation
Division of Environmental Biology grant #1145200. G.O. acknowl-
edges the support from RCN through the project CoDINA (grant
no. 255460/E40). This work is a contribution EcoFOCI-0915 to
NOAA's Ecosystems and Fisheries-Oceanography Coordinated

Investigations Program.

DATA AVAILABILITY STATEMENT

Appendix S4 contains tables with all time-series analysed in this
study. See Appendix S2 for a full description of data sources and

original citations.

ORCID

Leif Christian Stige https://orcid.org/0000-0002-6808-1383

Joél M. Durant https://orcid.org/0000-0002-1129-525X

REFERENCES

Andersen, K. H., Jacobsen, N. S., Jansen, T., & Beyer, J. E. (2017). When
in life does density dependence occur in fish populations? Fish and
Fisheries, 18, 656-667. https://doi.org/10.1111/faf.12195

Auger-Méthé, M., Field, C., Albertsen, C. M., Derocher, A. E., Lewis, M.
A. Jonsen,l.D., & Mills Flemming, J. (2016). State-space models’ dirty
little secrets: Even simple linear Gaussian models can have estima-
tion problems. Scientific Reports, 6, 26677. https://doi.org/10.1038/
srep26677

Bacheler, N., Ciannelli, L., Bailey, K., & Duffy-Anderson, J. (2010).
Spatial and temporal patterns of walleye pollock spawn-
ing in the eastern Bering Sea inferred from egg and larval dis-
tributions. Fisheries Oceanography, 19, 107-120. https://doi.
org/10.1111/j.1365-2419.2009.00531.x

Bailey, K. M. (2000). Shifting control of recruitment of walleye pol-
lock Theragra chalcogramma after a major climatic and ecosystem
change. Marine Ecology Progress Series, 198, 215-224. https://doi.
org/10.3354/meps198215

Bailey, K. M., & Houde, E. D. (1989). Predation on eggs and larvae of ma-
rine fishes and the recruitment problem. Advances in Marine Biology,
25, 1-83. https://doi.org/10.1016/5S0065-2881(08)60187-X

Bailey, K. M., Zhang, T., Chan, K. S., Porter, S. M., & Dougherty, A. B.
(2012). Near real-time forecasting of recruitment from larval sur-
veys: Application to Alaska pollock. Marine Ecology Progress Series,
452,205-217. https://doi.org/10.3354/meps09614

Bergstad, O. A., Jargensen, T., & Dragesund, O. (1987). Life history and
ecology of the gadoid resources of the Barents Sea. Fisheries Research,
5,119-161. https://doi.org/10.1016/0165-7836(87)20037-3

Beverton,R.J.H.,&Holt, S. J. (1957). On the dynamics of exploited fish pop-
ulations (fish and fisheries series, Vol. 11). Dordrecht, the Netherlands:
Springer Science+Business Media.

Bogstad, B., Dingsgr, G.E., Ingvaldsen,R.B., & Gjgsater, H.(2013). Changes
in the relationship between sea temperature and recruitment of cod,
haddock and herring in the Barents Sea. Marine Biology Research, 9,
895-907. https://doi.org/10.1080/17451000.2013.775451

Bogstad, B., Yaragina, N. A., & Nash, R. D. M. (2016). The early life-his-
tory dynamics of Northeast Arctic cod: Levels of natural mortality


https://orcid.org/0000-0002-6808-1383
https://orcid.org/0000-0002-6808-1383
https://orcid.org/0000-0002-1129-525X
https://orcid.org/0000-0002-1129-525X
https://doi.org/10.1111/faf.12195
https://doi.org/10.1038/srep26677
https://doi.org/10.1038/srep26677
https://doi.org/10.1111/j.1365-2419.2009.00531.x
https://doi.org/10.1111/j.1365-2419.2009.00531.x
https://doi.org/10.3354/meps198215
https://doi.org/10.3354/meps198215
https://doi.org/10.1016/S0065-2881(08)60187-X
https://doi.org/10.3354/meps09614
https://doi.org/10.1016/0165-7836(87)90037-3
https://doi.org/10.1080/17451000.2013.775451

STIGE ET AL.

“ 1 wiLey

o
FISH and FISHERIES _ " =~ &

and abundance during the first three years of life. Canadian Journal of
Fisheries and Aquatic Sciences, 72, 246-256. https://doi.org/10.1139/
cjfas-2015-0093

Brodeur, R. D., & Wilson, M. T. (1996). A review of the distribution,
ecology and population dynamics of age-O walleye pollock in the
Gulf of Alaska. Fisheries Oceanography, 5, 148-166. https://doi.
org/10.1111/j.1365-2419.1996.tb00089.x

Campana, S. E. (1996). Year-class strength and growth rate in young
Atlantic cod Gadus morhua. Marine Ecology Progress Series, 135, 21-
26. https://doi.org/10.3354/meps135021

Campana, S. E., Smith, S. J., & Hurley, P. C. F. (1989). A drift-retention
dichotomy for larval haddock (Melanogrammus aeglefinus) spawned
on Browns Bank. Canadian Journal of Fisheries and Aquatic Sciences,
46, 93-102. https://doi.org/10.1139/f89-281

Cargnelli, L., Griesbach, S., Berrien, P., Morse, W., & Johnson, D. (1999).
Essential fish habitat source document: Haddock, Melanogrammus
aeglefinus, life history and habitat characteristics. NOAA Technical
Memorandum NMFS-NE-128. Woods Hole, MA: National Oceanic
and Atmospheric Administration.

Clark, J. S., & Bjgrnstad, O. N. (2004). Population time series: Process
variability, observation errors, missing values, lags, and hidden
states. Ecology, 85, 3140-3150. https://doi.org/10.1890/03-0520

Cushing, D. H. (1995). Population production and regulation in the sea. A
fisheries perspective. Cambridge, UK: Cambridge University Press.

DFO (2003). Haddock on the Southern Scotian Shelf and Bay of Fundy
(Div. 4X/5Y). DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2003/051.
Dartmouth, Canada: Department of Fisheries and Oceans Canada.

DFO (2006). Haddock on the Southern Scotian Shelf and Bay of Fundy
(Div. 4X/5Y). DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2006/047.
Dartmouth, Canada: Department of Fisheries and Oceans Canada.

Dorn, M., Aydin, K., Fissel, B., Jones, D., McCarthy, A., Palsson, W., &
Spalinger, K. (2016). Assessment of the walleye pollock stock in the
Gulf of Alaska. In The Plan Team for the Groundfish Fisheries of
the Gulf of Alaska (Ed.), Stock assessment and fishery evaluation re-
port for the groundfish resources of the Gulf of Alaska (pp. 119-136).
Anchorage, AK: North Pacific Fishery Management Council.

Dragesund, O., Hylen, A., Olsen, S., & Nakken, O. (2008). The Barents
Sea O-group surveys; a new concept of pre-recruitment studies. In
O. Nakken (Ed.), Norwegian spring-spawning herring & northeast Arctic
cod; 100 years of research and management (pp. 119-136). Trondheim,
Norway: Tapir Academic Press.

Duffy-Anderson, J., Ciannelli, L., Honkalehto, T., Bailey, K. M., Sogard, S.
M., Springer, A. M., & Buckley, T. (2003). Distribution of age-1 and
age-2 walleye pollock in the Gulf of Alaska and eastern Bering Sea:
Sources of variation and implications for higher trophic levels. In H.
Browman & A. Skiftesvik (Eds.), The big fish bang: Proceedings of the
26th annual larval fish conference (pp. 381-394). Bergen, Norway:
Institute of Marine Research.

Fauchald, P., Mauritzen, M., & Gjgszater, H. (2006). Density-dependent mi-
gratory waves in the marine pelagic ecosystem. Ecology, 87, 2915-2924.
https://doi.org/10.1890/0012-9658(2006)87[2915:DMWITM]2.0.CO;2

Gaichas, S. K., & Francis, R. C. (2008). Network models for ecosystem-
based fishery analysis: A review of concepts and application to the
Gulf of Alaska marine food web. Canadian Journal of Fisheries and
Aquatic Sciences, 65, 1965-1982. https://doi.org/10.1139/F08-104

Gelman, A., & Rubin, D. B. (1992). Inference from iterative simulation
using multiple sequences. Statistical Science, 7, 457-472. https://doi.
org/10.1214/ss/1177011136

Gjgsaeter, H. (1998). The population biology and exploitation of capelin
(Mallotus villosus) in the Barents Sea. Sarsia, 83, 453-496. https://doi.
org/10.1080/00364827.1998.10420445

Gjgsaeter, H., Dalpadado, P., & Hassel, A. (2002). Growth of Barents Sea
capelin (Mallotus villosus) in relation to zooplankton abundance. ICES
Journal of Marine Science, 59, 959-967. https://doi.org/10.1006/
jmsc.2002.1240

Grubbs, F. (1969). Procedures for detecting outlying observations in
samples. Technometrics, 11, 1-21. https://doi.org/10.1080/00401
706.1969.10490657

Hassel, M. P. (1975). Density-dependence in single-species populations.
Journal of Animal Ecology, 44,283-295. https://doi.org/10.2307/3863

Heintz, R. A., Siddon, E. C., Farley, E. V., & Napp, J. M. (2013).
Correlation between recruitment and fall condition of age-0 pol-
lock (Theragra chalcogramma) from the eastern Bering Sea under
varying climate conditions. Deep-Sea Research Part Il: Topical
Studies in Oceanography, 94, 150-156. https://doi.org/10.1016/j.
dsr2.2013.04.006

Helle, K., Bogstad, B., Marshall, C. T., Michalsen, K., Ottersen, G., &
Pennington, M. (2000). An evaluation of recruitment indices for
Arcto-Norwegian cod (Gadus morhua L.). Fisheries Research, 48, 55-
67. https://doi.org/10.1016/50165-7836(00)00119-3

Hiatt, T., Dalton, M., Felthoven, R., Fissel, B., Garber-Yonts, B., Haynie,
A., ... Seung, C. (2011). Stock assessment and fishery evaluation report
for the groundfish fisheries of the Gulf of Alaska and Bering Sea/Aleutian
Islands area: Economic status of the groundfish fisheries off Alaska.
Anchorage, AK: North Pacific Fisheries Management Council.

Hinckley, S. (1987). The reproductive biology of walleye pollock, Theragra
chalcogramma, in the Bering Sea, with reference to spawning stock
structure. Fishery Bulletin, 85, 481-498. https://doi.org/10.1002/
Grl.50726

Hixon, M. A, Pacala, S. W., & Sandin, S. A. (2002). Population regulation:
Historical context and contemporary challenges of open vs. closed
systems. Ecology, 83, 1490-1508. https://doi.org/10.1890/0012-
9658(2002)083[1490:PRHCAC]2.0.CO;2

Hjort, J. (1914). Fluctuations in the great fisheries of northern Europe
viewed in the light of biological research. Rapports et Proces-Verbaux
Des Réunions Du Conceil International Pour L'exploration De La Mer, 20,
1-228.11250/109177

Houde, E. D. (1987). Fish early life dynamics and recruitment variability.
American Fisheries Society Symposium, 2, 17-29.

Houde, E. D. (2008). Emerging from Hjort's shadow. Journal of Northwest
Atlantic Fishery Science, 41, 53-70. https://doi.org/10.2960/J.v41.
mé634

lanelli, J. N., Honkalehto, T., Barbeaux, S., Fissel, B., & Kotwicki, S. (2016).
Assessment of the walleye pollock stock in the Eastern Bering Sea.
In The Plan Team for the Groundfish Fisheries of the Bering Sea and
Aleutian Islands (Ed.), Stock assessment and fishery evaluation report
for the groundfish resources of the Bering Sea/Aleutian Islands regions
(pp. 55-180). Anchorage, AK: North Pacific Fishery Management
Council.

Ives, A. R., Dennis, B., Cottingham, K. L., & Carpenter, S. R. (2003).
Estimating community stability and ecological interactions from
time-series data. Ecological Monographs, 73, 301-330. https://doi.org
/10.1890/0012-9615(2003)073[0301:ECSAEI]2.0.CO;2

Juanes, F. (2007). Role of habitat in mediating mortality during
the post-settlement transition phase of temperate ma-
rine fishes. Journal of Fish Biology, 70, 661-677. https://doi.
org/10.1111/j.1095-8649.2007.01394.x

Laurel, B. J., Spencer, M., Iseri, P., & Copeman, L. A. (2016). Temperature-
dependent growth and behavior of juvenile Arctic cod (Boreogadus
saida) and co-occurring North Pacific gadids. Polar Biology, 39, 1127-
1135. https://doi.org/10.1007/s00300-015-1761-5

Lorenzen, K., & Camp, E. V. (2018). Density-dependence in the life his-
tory of fishes: When is a fish recruited? Fisheries Research, 217, 5-10.
https://doi.org/10.1016/j.fishres.2018.09.024

McClatchie, S., Duffy-Anderson, J., Field, J., Goericke, R., Griffith, D.,
Hanisko, D., ... Zapfe, G. (2014). Long time series in US fisheries
oceanography. Oceanography, 27, 48-67. https://doi.org/10.5670/
oceanog.2014.86

Megrey, B. A., Hollowed, A. B., Hare, S. R., Maclin, S. A, &
Stabeno, P. J. (1996). Contributions of FOCI research to


https://doi.org/10.1139/cjfas-2015-0093
https://doi.org/10.1139/cjfas-2015-0093
https://doi.org/10.1111/j.1365-2419.1996.tb00089.x
https://doi.org/10.1111/j.1365-2419.1996.tb00089.x
https://doi.org/10.3354/meps135021
https://doi.org/10.1139/f89-281
https://doi.org/10.1890/03-0520
https://doi.org/10.1890/0012-9658(2006)87%5B2915:DMWITM%5D2.0.CO;2
https://doi.org/10.1139/F08-104
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1214/ss/1177011136
https://doi.org/10.1080/00364827.1998.10420445
https://doi.org/10.1080/00364827.1998.10420445
https://doi.org/10.1006/jmsc.2002.1240
https://doi.org/10.1006/jmsc.2002.1240
https://doi.org/10.1080/00401706.1969.10490657
https://doi.org/10.1080/00401706.1969.10490657
https://doi.org/10.2307/3863
https://doi.org/10.1016/j.dsr2.2013.04.006
https://doi.org/10.1016/j.dsr2.2013.04.006
https://doi.org/10.1016/S0165-7836(00)00119-3
https://doi.org/10.1002/Grl.50726
https://doi.org/10.1002/Grl.50726
https://doi.org/10.1890/0012-9658(2002)083%5B1490:PRHCAC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B1490:PRHCAC%5D2.0.CO;2
11250/109177
https://doi.org/10.2960/J.v41.m634
https://doi.org/10.2960/J.v41.m634
https://doi.org/10.1890/0012-9615(2003)073%5B0301:ECSAEI%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(2003)073%5B0301:ECSAEI%5D2.0.CO;2
https://doi.org/10.1111/j.1095-8649.2007.01394.x
https://doi.org/10.1111/j.1095-8649.2007.01394.x
https://doi.org/10.1007/s00300-015-1761-5
https://doi.org/10.1016/j.fishres.2018.09.024
https://doi.org/10.5670/oceanog.2014.86
https://doi.org/10.5670/oceanog.2014.86

STIGE ET AL.

forecasts of year-class strength of walleye pollock in Shelikof
Strait, Alaska. Fisheries Oceanography, 5, 189-203. https://doi.
org/10.1111/j.1365-2419.1996.tb00092.x

Miller, T. J., Crowder, L. B,, Rice, J. A., & Marschall, E. A. (1988). Larval
size and recruitment mechanisms in fishes: Toward a conceptual
framework. Canadian Journal of Fisheries and Aquatic Sciences, 45,
1657-1670. https://doi.org/10.1139/f88-197

Mukhina, N. V., Marshall, C. T., & Yaragina, N. A. (2003). Tracking the
signal in year-class strength of Northeast Arctic cod through mul-
tiple survey estimates of egg, larval and juvenile abundance.
Journal of Sea Research, 50, 57-75. https://doi.org/10.1016/
$1385-1101(03)00046-7

Ohlberger, J., Rogers, L. A., & Stenseth, N. C. (2014). Stochasticity and
determinism: How density-independent and density-dependent pro-
cesses affect population variability. PLoS ONE, 9, e98940. https://doi.
org/10.1371/journal.pone.0098940

Olsen, E., Aanes, S., Mehl, S., Holst, J. C., Aglen, A., & Gjgsaeter, H. (2010).
Cod, haddock, saithe, herring, and capelin in the Barents Sea and adja-
cent waters: A review of the biological value of the area. ICES Journal
of Marine Science, 67, 87-101. https://doi.org/10.1093/icesjms/fsp229

Ottersen, G., Bogstad, B., Yaragina, N. A., Stige, L. C., Vikebg, F. B.,
& Dalpadado, P. (2014). A review of early life history dynamics of
Barents Sea cod (Gadus morhua). ICES Journal of Marine Science, 71,
2064-2087. https://doi.org/10.1093/icesjms/fsu037

Ottersen, G., Helle, K., & Bogstad, B. (2002). Do abiotic mechanisms
determine interannual variability in length-at-age of juvenile Arcto-
Norwegian cod? Canadian Journal of Fisheries and Aquatic Sciences,
59, 57-65. https://doi.org/10.1139/f01-197

Ottersen, G., & Loeng, H. (2000). Covariability in early growth and year-
class strength of Barents Sea cod, haddock and herring: The environ-
mental link. ICES Journal of Marine Science, 57, 339-348. https://doi.
org/10.1006/jmsc.1999.0529

Pepin, P. (2015). Death from near and far: Alternate perspectives on size-
dependent mortality in larval fish. ICES Journal of Marine Science, 73,
196-203. https://doi.org/10.1093/icesjms/fsv1160

Plummer, M. (2016). rjags: Bayesian Graphical Models using MCMC. R
package version 4-6. https://CRAN.R-project.org/package=rjags

Ricard, D., Zimmermann, F., & Heino, M. (2016). Are negative intra-spe-
cific interactions important for recruitment dynamics? A case study
of Atlantic fish stocks. Marine Ecology Progress Series, 547, 211-217.
https://doi.org/10.3354/meps11625

Ricker, W. E. (1954). Stock and recruitment. Journal of the Fisheries
Research Board of Canada, 11, 559-623. https://doi.org/10.1139/
f54-039

Rose, K. A., Cowan, J. H., Winemiller, K. O., Myers, R. A., & Hilborn,
R. (2001). Compensatory density dependence in fish popula-
tions: Importance, controversy, understanding and prognosis.
Fish and Fisheries, 2, 293-327. https://doi.org/10.1046/j.1467-
2960.2001.00056.x

Shackell, N. L., Frank, K. T., Petrie, B., Brickman, D., & Shore, J. (1999).
Dispersal of early life stage haddock (Melanogrammus aeglefinus) as
inferred from the spatial distribution and variability in length-at-age
of juveniles. Canadian Journal of Fisheries and Aquatic Sciences, 56,
2350-2361. https://doi.org/10.1139/f99-172

P 15
FISH and FISHERIES = “=-=AWVA| LEYJ—

Sogard, S. M. (1997). Size-selective mortality in the juvenile stage of tele-
ost fishes: A review. Bulletin of Marine Science, 60, 1129-1157.

Stige, L. C., Hunsicker, M. E., Bailey, K. M., Yaragina, N. A., & Hunt, G. L.
Jr (2013). Predicting fish recruitment from juvenile abundance and
environmental indices. Marine Ecology Progress Series, 480, 245-261.
https://doi.org/10.3354/meps10246

Stige, L. C., Kvile, K. @., Bogstad, B., & Langangen, @. (2018). Predator-
prey interactions cause apparent competition between marine zoo-
plankton groups. Ecology, 99, 632-641. https://doi.org/10.1002/
ecy.2126

Stige, L. C., Langangen, @., Yaragina, N. A., Vikebg, F. B., Bogstad, B.,
Ottersen, G., ... Hjermann, D. @. (2015). Combined statistical and
mechanistic modelling suggests food and temperature effects on
survival of early life stages of Northeast Arctic cod (Gadus morhua).
Progress in Oceanography, 134, 138-151. https://doi.org/10.1016/j.
pocean.2015.01.009

Stige, L. C., Ottersen, G., Dalpadado, P., Chan, K.-S., Hjermann, D. @.,
Lajus, D. L., ... Stenseth, N. C. (2010). Direct and indirect climate forc-
ing in a multi-species marine system. Proceedings of the Royal Society
B: Biological Sciences, 277, 3411-3420. https://doi.org/10.1098/
rspb.2010.0602

van Gemert, R., & Andersen, K. H. (2018). Implications of late-in-life den-
sity-dependent growth for fishery size-at-entry leading to maximum
sustainable yield. ICES Journal of Marine Science, 75, 1296-1305.
https://doi.org/10.1093/icesjms/fsx236

Yaragina, N. A., Bogstad, B., & Kovaley, Y. A. (2009). Variability in can-
nibalism in Northeast Arctic cod (Gadus morhua) during the pe-
riod 1947-2006. Marine Biology Research, 5, 75-85. https://doi.
org/10.1080/17451000802512739

Yaragina, N. A., & Dolgov, A. V. (2009). Ecosystem structure and resil-
ience - A comparison between the Norwegian and the Barents Sea.
Deep-Sea Research II, 56, 2141-2153. https://doi.org/10.1016/j.
dsr2.2008.11.025

Zimmermann, F., Ricard, D., & Heino, M. (2018). Density regulation in
Northeast Arctic fish populations: Density dependence is stronger
in recruitment than in somatic growth. Journal of Animal Ecology, 87,
672-681. https://doi.org/10.1111/1365-2656.12800

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Stige LC, Rogers LA, Neuheimer AB,
et al. Density- and size-dependent mortality in fish early life
stages. Fish Fish. 2019;00:1-15. https://doi.org/10.1111/
faf.12391



https://doi.org/10.1111/j.1365-2419.1996.tb00092.x
https://doi.org/10.1111/j.1365-2419.1996.tb00092.x
https://doi.org/10.1139/f88-197
https://doi.org/10.1016/S1385-1101(03)00046-7
https://doi.org/10.1016/S1385-1101(03)00046-7
https://doi.org/10.1371/journal.pone.0098940
https://doi.org/10.1371/journal.pone.0098940
https://doi.org/10.1093/icesjms/fsp229
https://doi.org/10.1093/icesjms/fsu037
https://doi.org/10.1139/f01-197
https://doi.org/10.1006/jmsc.1999.0529
https://doi.org/10.1006/jmsc.1999.0529
https://doi.org/10.1093/icesjms/fsv1160
https://CRAN.R-project.org/package=rjags
https://doi.org/10.3354/meps11625
https://doi.org/10.1139/f54-039
https://doi.org/10.1139/f54-039
https://doi.org/10.1046/j.1467-2960.2001.00056.x
https://doi.org/10.1046/j.1467-2960.2001.00056.x
https://doi.org/10.1139/f99-172
https://doi.org/10.3354/meps10246
https://doi.org/10.1002/ecy.2126
https://doi.org/10.1002/ecy.2126
https://doi.org/10.1016/j.pocean.2015.01.009
https://doi.org/10.1016/j.pocean.2015.01.009
https://doi.org/10.1098/rspb.2010.0602
https://doi.org/10.1098/rspb.2010.0602
https://doi.org/10.1093/icesjms/fsx236
https://doi.org/10.1080/17451000802512739
https://doi.org/10.1080/17451000802512739
https://doi.org/10.1016/j.dsr2.2008.11.025
https://doi.org/10.1016/j.dsr2.2008.11.025
https://doi.org/10.1111/1365-2656.12800
https://doi.org/10.1111/faf.12391
https://doi.org/10.1111/faf.12391

