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Detecting somatic growth trends for summer flounder
(Paralichthys dentatus) using a state-space approach
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Abstract: In the past four decades, summer flounder (Paralichthys dentatus) abundance in the Northwest Atlantic shifted with no
definitive explanation for this shift. Here, we extract patterns in population-level size variability from summer flounder mean
length-at-age data from 1992 to 2015 using an autoregressive state-space modeling approach and annual fishing and oceano-
graphic covariates. We found that summer flounder length-at-age varies annually, suggesting that productivity can vary annu-
ally due to variable sizes. We found that location and depth of the observed fish, exploitation, and the Gulf Stream appeared to
influence the magnitude of length-at-age variation, whereby lengths-at-age were above the mean length at greater depth,
northern latitudes, and during periods characterized by a northerly Gulf Stream position or higher fishing exploitation. These
factors should be considered as indicators to track size and more accurately understand productivity as the summer flounder
population changes and the fishery adapts in response. This study brings us closer to annual proxies for summer flounder
length-at-age variation, an important tool for fisheries managers and stock-assessment scientists to more accurately predict fish
stock abundances and productivity.

Résumé : Au cours des quatre derniéres décennies, I'abondance du cardeau d’été (Paralichthys dentatus) dans le nord-ouest de
I’océan Atlantique a changé sans que cela puisse étre expliqué de maniére définitive. Nous extrayons des motifs de variabilité des
tailles a I'’échelle de la population de données sur la longueur moyenne selon 1’dge de cardeaux d’été pour la période de 1992 a
2015 en utilisant une approche de modélisation d’espace d’états autorégressive et des covariables annuelles relatives a la péche
et aux conditions océanographiques. Nous constatons que la longueur selon I’dge des cardeaux d’été présente des variations
annuelles, donnant a penser que la productivité peut varier annuellement en raison de la variabilité des tailles. Nous relevons
que I'emplacement et la profondeur des poissons observés, I’exploitation et le Gulf Stream semblent influer sur la magnitude des
variations des longueurs selon 1’age, ces derniéres étant supérieures a la longueur moyenne a plus grande profondeur, a haute
latitude et durant des périodes caractérisées par le déplacement vers le nord du Gulf Stream ou une plus forte exploitation par
péche. Ces facteurs devraient étre pris en compte comme indicateurs pour suivre les variations des tailles et établir une
compréhension plus exacte de la productivité au fil des variations des populations de cardeaux d’été et de ’adaptation des péches
a ces variations. L'étude est un pas vers I’établissement de variables substitutives annuelles pour décrire les variations de la
longueur selon ’age des cardeaux d’été, qui constituent, pour les gestionnaires des péches et les chercheurs s’intéressant a
I’évaluation des stocks, un important outil pour prédire avec plus d’exactitude I’abondance et la productivité de stocks de
poissons. [Traduit par la Rédaction]

Fish growth and size vary for a variety of reasons, with reper-
cussions for fish productivity and management. Habitat quality
(Hayes et al. 1996), prey availability (Houde 1987; Miller et al. 1990;
Welker et al. 1994), density-dependent competition (Beverton and
Holt 1957; Jenkins et al. 1999; Attrill and Power 2002; Lorenzen
and Enberg 2002; Morrongiello and Thresher 2015), fishing
(Hilborn and Minte-Vera 2008), initial size at recruitment (Miller
et al. 1988; Rice et al. 1993), and environmental conditions (Fry
1971; Portner and Farrell 2008; Portner et al. 2001; Harvey 2009;
Portner and Peck 2010; Morrongiello and Thresher 2015) all influ-
ence individual somatic growth and (or) length-at-age. Fishing,
environmental conditions, and competition can all impact the
size distributions of demersal fish by creating size-selective mor-
tality and thus selectively removing smaller or larger fish (Brander

Introduction

Fluctuations in fish productivity occur due to variability in de-
mographic processes, including recruitment, mortality, and so-
matic growth. It is often difficult to disentangle the effects of
these sources of variation in marine fish abundance and produc-
tivity. There is extensive research describing variability in recruit-
ment (Houde 1987; Miller et al. 1988; Fogarty et al. 1991; Leggett
and Deblois 1994; Pershing et al. 2005; Mueter et al. 2007) and
natural mortality (Beverton and Holt 1959; Peterson and Wroblewski
1984; Zheng et al. 1995; Hewitt and Hoenig 2005; McCoy and Gillooly
2008; Johnson et al. 2015), but few recent modeling studies have
investigated the role that somatic growth variation plays in pro-
ductivity fluctuation (but see Lorenzen and Enberg 2002). The few

population-level growth studies are surprising given that numer-
ous studies investigate factors that affect growth in individual
fishes.

1995; Dutil et al. 1999; Bianchi et al. 2000; Harvey 2009). Specifi-
cally, climate can alter population abundances by inducing varia-
tion in natural mortality and recruitment (Mountain and Kane
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2010; Nye et al. 2011; Pershing et al. 2015; O’Leary et al. 2019).
Fishing can influence population abundances by altering size
structure and adult mortality via selective mortality (e.g., gear
selects larger young fish and smaller old fish; i.e., “Rosa Lee’s
phenomenon”; Ricker 1969; Hilborn and Minte-Vera 2008). These
differences in individual growth rates can lead to deviations in
annual growth rates at the stock level (Dutil et al. 1999; Pilling
et al. 2002; Harvey 2009). To understand the role that growth and
size deviations play in fish productivity, we must first describe the
type and magnitude of growth and size deviation. By resolving
population-level influences on growth and size deviation, size pro-
cesses can be more appropriately defined in stock assessment
models, resulting in improved predictions of fish productivity
(Sainsbury 1980).

In the past four decades, summer flounder abundance in the
Northwest Atlantic has shifted from lows in the early 1990s to
highs in the early 2000s (Collie et al. 2008; Howell and Auster 2012;
Terceiro 2012). In recent years, the abundance of summer flounder
has once again begun to decrease (Terceiro 2016; O’Leary et al.
2019). These changes in abundance suggest that one or more as-
pects of productivity (growth, recruitment, and (or) mortality) is
changing. There is currently no definitive explanation for these
abundance shifts. O’Leary et al. (2019) demonstrated that past
abundance fluctuations are more accurately captured by climate-
dependent natural mortality than a constant natural mortality
rate, while Bell et al. (2014) attributed past shifts in abundance to
fishing pressure. The influence of population-level somatic growth
and length-at-age variability in determining abundances of sum-
mer flounder, however, is not well defined. If trends in summer
flounder somatic growth can be understood, then their contribu-
tion to productivity and abundance shifts can be established.
However, because of the many different drivers of length-at-age
and growth variability, it is difficult to capture this variability
using traditional models.

Traditional somatic growth studies use models that fit individ-
ual or cohort growth rates to length-at-age data, such as the von
Bertalanffy growth curve (Quinn and Deriso 1999; Methot and
Wetzel 2013). This technique takes advantage of theoretical
anabolic and catabolic processes to predict growth rates (von
Bertalanffy 1938; Quinn and Deriso 1999). However, these growth
models are difficult to estimate due to highly correlated parame-
ters (Schnute and Fournier 1980) and do not capture population-
level patterns well because of individual-level variation in growth
that leads to biased estimates of length-at-age (Kirkwood 1983;
Sainsbury 1980).

Stawitz et al. (2015) developed a state-space approach to esti-
mate and categorize size deviation in length-at-age data at a pop-
ulation level that we can employ to understand the somatic
growth deviation in summer flounder over the past 25 years. The
state-space approach uses an autoregressive process model to ex-
plain deviations in length-at-age data, allowing us to examine the
magnitude and characteristics of those anomalies. This autore-
gressive approach has three main benefits over traditional growth
model approaches with constant process error, as reported in
Stawitz et al. (2015): (i) the state-space model does not assume that
length-at-age follows a specific growth model at the population
level, (ii) three modes of size deviation (annual, cohort, and initial
length-at-age) are modeled and compared with a null model
to determine how growth varies at the population level, and
(iii) sampling errors are explicitly considered in population size
deviation estimates via a model of observation error. The strength
of this approach is its flexibility, both in its ability to describe
different types of size variability and to determine the most pro-
nounced type of size variability. Additionally, it allows us to use
existing data sets rather than requiring the collection of addi-
tional data to uncover these trends.

This study aimed to determine the source of deviation in summer
flounder size from 1992 to 2016 using an autoregressive model to
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Fig. 1. Mean length (cm) of males (left) and females (right) for the

observed summer flounder length-at-age data from 1992 to 2016 in

the Northwest Atlantic from the NOAA Northeast Fisheries Science

Center fisheries-independent trawl survey. Each individual line
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estimate the deviation in length-at-age data. To meet this objective,
we expanded the methods developed by Stawitz et al. (2015) by
incorporating additional interannual covariates in the process
model. This state-space approach can help extract population-
level size deviation patterns and anomalous magnitude trends
from length-at-age data to uncover the trends in summer flounder
growth. Extracting population-level growth patterns, in turn,
brings us closer to understanding how the drivers of fish growth
and size variation affect productivity and abundance fluctuations.

Materials and methods

This study extended the methods established in Stawitz et al.
(2015) to use a state-space model to investigate sources of length-
at-age deviation for summer flounder in the Northwest Atlantic.
The state-space model simultaneously estimated process and ob-
servation error to describe size variability over time. We con-
trasted three potential models of size deviation (annual deviation,
cohort deviation, and initial size at recruitment deviation) with a
null model with no deviation by adjusting the random effects
model structure. We then evaluated if fishing effort and (or) the
environment influenced the predicted size trends by testing fixed
effects covariates in each size deviation model together and inde-
pendently. The combination of four random effects size deviation
models paired with five fixed effects covariate combinations (no
covariates, just fishing effects, just environmental effects, both
environmental and fishing main additive effects, and environ-
mental and fishing interaction effects) resulted in a total of
20 models tested.

Data

The observed summer flounder length-at-age data used in this
study span from 1992 to 2016 in the Northwest Atlantic from the
Northeast Fisheries Science Center fisheries-independent trawl
survey (Figs. 1and 2; Azarovitz 1981; Clark et al. 1997). The data are
an annual bottom trawl survey along the United States continen-
tal shelf from Cape Hatteras, North Carolina, to Georges Bank in
the fall, winter, and spring. The age estimates are from a mix of
scales and otoliths (M. Terceiro, NOAA NMFS, personal communi-
cation). In the early 1990s, age estimates were primarily from
scales. From the early 1990s to the 2000s, age estimates were based
on a mix of scales and otoliths, using otoliths for fish less than
60 cm. The final 16 years of the data were primarily otoliths.
However, no record remains of the method used to age each indi-
vidual fish, and complete cohort data were too limited to separate
the analysis into different time periods based on known ageing
process, so we applied a single observation model (M. Terceiro,
NOAA NMEFS, personal communication).
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Fig. 2. Summer flounder mean length (cm) (left) and normalized length (right) by mean latitude of the observed summer flounder length-at-
age data for each year from 1992 to 2016 in the Northwest Atlantic from the NOAA Northeast Fisheries Science Center fisheries-independent

trawl survey.
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Length-at-age data were analyzed as averages across all tows
(i.e., fish within a tow were not considered independent) to avoid
underestimating credible intervals due to nonindependent data.
The normalized length was the standardized residual of mean
length-at-age (I) in a given year from mean length-at-age across
pooled samples from a standardized 25-year reference period
(1992-2016). Observed normalized length of a fish at age a and
sex g at time t (Y(a, t, g) was calculated as Y(a,t,g) =
La,t,g) — L, g

s(a, g)
year (L(a, t, g)), the mean length-at-age and sex across pooled
samples from the 25-year reference period (I(a, g)), and the stan-
dard deviation at age and sex from the 25-year reference period

(s(a. g))-

using the mean length-at-age and sex in a given

State-space model

Process model

The state-space models described annual deviations in age-
specific length relative to the average age-specific length across
1992-2016 (Table 1). The models used a stationary AR(1) process to
describe the length deviations over time with an autocorrelation
coefficient linking the previous year to the current year (p).
Lengths were modeled as deviations from normalized mean
lengths in a year to scale deviations from length-at-age consis-
tently across different ages of fish and to maintain stationarity
(i.e., constant process mean, autocovariance, and variance). Here-
inafter, the process error length deviations are referred to as size
anomalies or size deviations, and all four tested process models
were fit to data.

The process equations in all four process models were autore-
gressive, with a lag of one, where an age a + 1 fish’s length devia-
tion in year t + 1 was calculated as a function of an age a fish’s
length deviation in year t (Table 1). Process error (g(a, t, g)), or
variability in the population length-at-age X(a, t, g), was assumed
to be normally distributed and with a constant standard deviation
across age a, time t, and sex g. Male and female fish were modeled
as separate realizations of the autoregressive process (i.e., length-
at-age) because there is a known sexual dimorphism in summer
flounder size and growth, but the B coefficient was shared be-
tween males and females (Poole 1961; Able and Kaiser 1994; Packer
et al. 1999; King et al. 2001; Morson et al. 2015). Previous work
determined that a sex-specific spatiotemporal distribution drives
summer flounder sex-specific size and growth trends (Morson
et al. 2012, 2015). These sex-specific spatiotemporal distributions

Normalized Length

36 37 38 39 40 41 42
Mean Latitude

likely developed because of sex-specific selection for depth, tem-
perature, or prey (Kraus and Musick 2001; Morson et al. 2012,
2015). If there are any sex-specific differences in the deviation in
population-level length-at-age, they are likely driven by one of the
covariates already included in the models (e.g., differences due to
latitudinal structure, depth, environmental influence, fishing
pressure). Therefore, male and female fish shared a single process
error term in their separate realizations.

Four random effects process models for size deviation were
considered: (i) constant length-at-age deviation (Table 1, eq. 1),
(i) deviation in length-at-age across cohorts (cohort; Table 1, eq. 2),
(ifi) deviation in length-at-age across years (annual; Table 1, eq. 3),
and (iv) deviation in length-at-age due to the initial length-at-age
(initial size; Table 1, eq. 4). Each of these models described some
deviation in size from a mean length-at-age, with each model
describing the random effects of the size deviation differently.
Size deviation was constant, shared within cohorts, annual, or
occurs within the initial size of recruits entering the population.
In all models, we defined cohort as a group of fish born in the
same year within the population. The cohort assignment was
made based on the estimated age of the fish at the time of the
survey. Based on these definitions, the data contain the full life-
span data set for 25 cohorts and the partial life-span data set for
31 cohorts. We defined the initial length-at-age as recruits, or age 0,
for each sex g and cohort c.

The cohort, annual, and initial size process models were an
extension of the constant process model, created to capture alter-
native size deviation patterns. The differences among these mod-
els were the random effects structure that assigned size deviations
at different scales. Each of the three size structure models (cohort,
annual, and initial size) varied from the constant model by a
single term. The annual model assumed that the expected value of
the deviation in length-at-age from the normalized length-at-age
is constant among all fish within a year with the addition of the
annual anomaly covariate v(f) in year t (Table 2). The cohort model
assumed the expected value of the deviation in length-at-age from
the normalized length was the same within a cohort throughout
their life-span through the addition of the cohort anomaly cova-
riate §(c) on cohort ¢ (Table 2). The initial size model assumed the
deviation in length-at-age from the normalized length-at-age is
due to the initial size of a fish within a cohort by estimating a
mean-normalized length for a recruit or initial size X(1, g, ¢) in
cohort ¢ and sex g (Miller et al. 1988). The initial size model as-
sumed that deviations in the initial size of a fish between cohorts
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Table 1. Baseline process and observation model equations in the state-space models.

Equation No. Description Equation Initial size
Process model

1 Constant model X(a, t,g)=BX(a-1,t-1,g) +¢(a, t, g X(1, g) ~ N(0, 0?)

2 Cohort anomalies X(a, t,g)=pX(a-1,t-1,8) +d(c) + ela, t, g) X(1, g) ~ N(0, ¢?)

3 Annual anomalies X(a, t,g)=pX(a-1,t-1,8) + () +ela, t, g X(1, g) ~ N(0, 0?)

4 Initial size anomalies X(a, t,g)=pX(a-1,t-1,g) +¢(a,t, g X(1, g, ¢) ~ N(0, 0?)

Observation model
5 Data with latitude and depth effects

Process model with covariates

6 Constant anomaly with exploitation
index and GSI effects

7 Cohort anomaly with exploitation
index and GSI effects

8 Annual anomaly with exploitation
index and GSI effects

9 Initial size anomaly with exploitation
index and GSI effects

10 Annual anomaly with exploitation

index and GSI interaction effects

X(a,t,g)= BX(a-1,t-1,8) + aT(t - 1) + pF(t - 1) + £(a, t, g)
X(a, t, g) = BX(a-1,t-1,8) + 8(c) + aT(t - 1) + pF(t - 1) + £(a, t, &)
X(a, t, g) = BX(a-1,t-1,8) + (t) + aT(t - 1) + pF(t — 1) + &(a, t, g)
X(a,t,g)=pX(@a-1,t-1,8) +al(t—1) + pF(t - 1) + s(a, t, g)

X(a, t,g)=pX(a-1,t-1, 2 +yt)+ 9Tt -1) Ft-1) + e(a, t, g)

Y(a, t, g) = X(a, t, g) + ml (a, L, g) + myd(a, 1, g) + Ea, 1) -

X(1, g ~ N(0, ¢?)
X(1, g) ~ N(0, 0?)
X(1, 8) ~ N(0, 0?)
X(1, g ¢) ~ N(0, 0?)

X(1, g) ~ N(0, 0?)

Note: GSI, Gulf Stream Index.

Table 2. Variable notation and description for all data and parameters used in the four size deviation

models.

Prior
Parameter Description distribution
X(a,t, g) Predicted normalized length of a fish at age a of sex g at time t —
B Length autocorrelation coefficient of the previous year on the current year N(0, 2)
g(a, t) Process error U(o0, 5)
&a, t) Observation error N(0, o)
8(c) Cohort anomaly covariate on cohort ¢ N(0, o)
Y(t) Annual anomaly covariate on all cohorts in year t N(0, o)
Y(a, t, g) Observed normalized length of fish at age a of sex g at time ¢ —
l(a, t,g) Mean latitude for fish of age a of sex g in year t —
™ Coefficient of mean latitude on normalized length N(0,1)
d(a, t, g) Mean depth (in metres) for fish of age a of sex g from year t —
M, Coefficient of mean depth on normalized length N(0, 1)
X(1, g ¢ Mean normalized length for a recruit (initial size) in cohort c and sexg —
X(1, g) The mean normalized length for a recruit (initial size) of sex g —
a Effect of GSI on size deviation N(0, 1)
T(t) GSI data over for each year t —
p Effect of exploitation index on size deviation N(0, 1)
K({) Exploitation index —
) Interactive effect of GSI and fishing on size deviation N(0, 1)

(estimated as a mean-normalized length for a recruit or initial size
X(1, g, ¢) in cohort ¢ and sex g) contribute to deviations in length-
at-age from the normalized length-at-age (Miller et al. 1988). The
initial size model differed from the cohort model in that fish
within and between cohorts were not constrained to vary in size
in the same way over the remainder of the time series, whereas
these constraints occur in the cohort model. Table 2 contains a
full list of parameter names, variable names, and descriptions.

Observation model

The observation model linked the data set described above for
observed normalized lengths at age a in year t for sex g (Y(a, t, g))
with the predicted normalized length of a fish at age a and sex g at
time t (X(a, t, g)); Table 1, eq. 5). Observation errors (&a, t)) are
independent across years t and ages a. Fisheries-independent data
observation standard deviation was set to 0.35 based on the range
of standard errors for estimates of standardized length-at-age de-
viations to avoid biased parameter estimates (Auger-Méthé et al.
2016; Table 1, eq. 5). See Appendix A for the complete observation
error calculation and results of a sensitivity analysis comparing
observation error values. The data span multiple seasons (fall,

winter, and spring) and so can account for the effect of seasonal
availability on length-at-age data. The observation equations in-
cluded mean depth (d(a, t, g)) and mean latitude (I(a, t, g)) for each
age a class and sex g in year t, as in Stawitz et al. (2015), to account
for size- and sex-specific differences in spatial distribution
(Table 1; Morson et al. 2012, 2015; Terceiro 2016). Under this for-
mulation, these covariates impact the expected observed devia-
tion in samples rather than the underlying size deviations. This
likely averages out the seasonal and ontogenetic movement of
summer flounder within a year. There were separate observation
equations for male and female fish. Mean latitude and mean
depth across sampled individuals were continuous covariates es-
timated as linear effect on expected length-at-age. Coefficients of
the covariates in the observation model (latitude m, and depth 7,;
Table 2) were assumed to be constant over sex, gear type (all
collected via the same bottom trawl), data source, and season.

Process model covariates

Two covariates were considered in each of the process models to
determine whether they had any influence over length-at-age
trends for summer flounder. Specifically, we looked at whether
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fishing exploitation (F(t); Table 2) and (or) the environment (T(t);
Table 2) influenced length-at-age trends. For each of the four mod-
els representing different hypotheses about size deviation, we
considered a model version with no covariates, with the additive
effects of both fishing exploitation effects (p) and environmental
effects («), with the interactive effects of both p and «, with just p,
and with just «, making a total of 20 models tested. This was
followed by additional model tests to investigate different envi-
ronmental covariates (Appendix A). We selected relevant covari-
ates using model selection based on the Deviance information
criterion (DIC).

We considered fishing exploitation as a potential driver be-
cause the removal of larger, faster-growing fish during times of
heavy exploitation can reduce mean length-at-age, even when
individual growth remains constant (Hilborn and Minte-Vera
2008). Fishing was represented as the normalized exploitation
fraction (F(t)), measured as the landings per survey biomass index
(Nye et al. 2011). The exploitation effects coefficient (p) measured
the effect of the exploitation index on length-at-age deviations
based on the previous year’s exploitation (F(t — 1)). This index
considers the biomass available to the survey. The biomass data
are the standardized biomass estimates from the Northeast Fish-
eries Science Center (NEFSC) fisheries-independent trawl survey
in the Northwest Atlantic from 1992 to 2016, the same source
described in the Data section above. Landings data, or fisheries-
dependent data, were from commercial and recreational landings
of summer flounder from the NEFSC fisheries database from 1992
to 2016. See Burns et al. (1983) for sampling protocols for the
commercial methods that have remained consistent since 1994.
Fisheries landing and effort data collection was changed in 1994
from voluntary to mandatory. Prior to 1994, participating fish
dealers, vessels, port agents, and biological samplers collected
this data. After 1994, vessel logbooks and dealer data were submit-
ted to the port agents. The exploitation index was normalized in
the same way as the length-at-age data by subtracting the mean
and dividing by the standard deviation. The exploitation index
described above was used rather than instantaneous fishing effort
because instantaneous fishing effort estimates are a derived esti-
mate from a stock-assessment with additional associated uncer-
tainty, and consequently their estimation requires life history and
age or size structure assumptions about the stock. For this reason,
the instantaneous fishing effort is a derivative product of the data
used in this paper and so was not used. However, we calculated
the correlation between the instantaneous fishing recorded in the
Terceiro (2016) stock assessment and the exploitation index used
here and found it was high (Pearson’s r = 0.75). The exploitation
index was used over landings data because landings data can fluc-
tuate due to changes in fishing availability, fisheries behavior,
fishing regulations, and fishing technology (Nye et al. 2011). A
higher exploitation index indicates a higher fishing pressure rel-
ative to the biomass of fish available.

We considered environmental effects («), represented here by
the Gulf Stream Index (GSI: T(t)), as a potential driver because
many studies have shown large-scale oceanographic phenomena
can affect length-at-age patterns due to changes in bottom-up
productivity (Hollowed et al. 2013; Baudron et al. 2014). The envi-
ronmental effects coefficient («) measured the effect of the GSI on
length-at-age deviations based on the previous year’s conditions
(T(t - 1)). The position of the Gulf Stream heavily influences North-
west Atlantic environmental conditions, including temperature,
salinity, and chlorophyll (Saba et al. 2016). In the Northwest Atlan-
tic, the Labrador Current from the north and the warmer Gulf
Stream waters from the south meet. The relative position of the
Gulf Stream indicates how far onto the continental shelf warm
slope water influenced by the Gulf Stream extends (Mountain
2012; Greene et al. 2013; Xu et al. 2015). A basin-scale index that
tracks the position of the north wall of the Gulf Stream at depth,
the GSlI is a proxy for oceanographic conditions on the Northwest
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Atlantic Shelf and is significantly correlated with the North
Atlantic Oscillation Index (Taylor 1995, 1996; Joyce et al. 2000;
Pefia-Molino and Joyce 2008). The GSI is also correlated with North
Atlantic wind, atmospheric pressure, temperature patterns, salin-
ity patterns, spring bloom timing, and fish recruitment and mor-
tality (Taylor 1995; Mountain and Kane 2010; Nye et al. 2011;
Pershing et al. 2015; O’Leary et al. 2019).

The GSI is calculated using an empirical orthogonal function
(EOF) analysis of the 15 °C isotherm at 200 m depth at nine lati-
tudes along the Gulf Stream path (Joyce et al. 2000; Joyce and
Zhang 2010). A positive GSI is associated with higher shelf temper-
atures at depth, less stratified water, a stronger northerly current
system, fewer cross-shelf warm core eddies (and therefore less
transport of fish larvae onto the shelf and recruits or reduced
recruitment), an earlier spring bloom, and greater productivity
due to increased subsurface Gulf Stream waters (Myers and
Drinkwater 1989; Schollaert et al. 2004; Nye et al. 2011; Andres
2016; Monim 2017). A negative GSI is associated with a more south-
ern position of the northern wall of the Gulf Stream, greater
amounts of colder, low-salinity Labrador Slope water, different
phytoplankton and zooplankton communities, and lower produc-
tivity (Collie et al. 2004; Schollaert et al. 2004; Borkman and
Smayda 2009; Pershing et al. 2015). There are other potential indi-
ces and covariates that we could use to capture environmental
conditions. However, the use of one index prevents the need to
deal with the correlation between environmental covariates
while still providing an indicator of conditions spanning the con-
tinental shelf in the Northwest Atlantic. Additionally, the bottom
temperatures that summer flounder are experiencing in the
Northwest Atlantic vary spatially (Nye et al. 2009; Kleisner et al.
2017), but the GSI covaries with bottom temperatures over the
entire region and so represents the entire relative spatial impact
of the environment.

Bayesian methods and model selection

Markov chain Monte Carlo algorithms were used to fit the
Bayesian state-space models. Hyperpriors for standard deviation
were weakly informative but constrained to be above zero (uni-
form distribution from 0 to 5). We also used weakly informative
priors (normal distribution with a mean of 0 and a standard devi-
ation of 10) for all other parameters. Model selection was based on
both DIC and marginal variance. DIC reflects the marginal likeli-
hood of the model fit and is an asymptotic information criterion
that provides information regarding the deviance explained as
well as a penalization for the effective number of parameters
included in the model (Spiegelhalter et al. 2002; Gelman et al.
2014). Marginal variance, on the other hand, is the overall vari-
ance that remains to be captured by model covariates, or, in other
words, the fraction of the variance in the observations that cannot
be explained by the explanatory variables.

The model with the lowest DIC was a better balance of fit and
parsimony (Spiegelhalter et al. 2002; Plummer 2013; Gelman et al.
2014). DIC is a semi-Bayesian version of the Akaike information
criterion (AIC) to measure predictive accuracy using deviance and
a correction for the effective number of parameters. Differences
in DIC are interpreted the same way as differences in AIC, as both
approaches use the log-likelihood (i.e., differences of 1-2 units
deserve consideration, and DIC differences of >3 units are consid-
erable support for the best model; Burnham and Anderson 2002).

Models were run using the Just Another Gibbs Sampler (JAGS;
Plummer 2013) program integrated through R version 3.4.1 us-
ing the R package “R2Jags” (Su and Yajima 2012). Each model had
one million iterations for each of three chains to ensure conver-
gence. We discarded a total of 50 000 samples at burn-in and used
a thinning rate of 1000, resulting in 2850 samples per posterior
distribution. Each Markov chain ran through enough iterations to
reach apparent convergence on the stationary distribution, as
there was no evidence of lack of convergence. Model convergence
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Table 3. ADIC (difference from the best model or lowest DIC) for each of the four alternative size models and process
model parameters with the best model (ADIC = 0) in bold, their ranking from best (1) to worst (20), variance in model
deviance, effective number of parameters (pV), and marginal variance (£2/(1- f)).

Variance in Marginal
Model Parameters ADIC Rank deviance pv variance
Constant Full model (GSI + fishing) 56 10 593 296 0.37
No covariates 4 2 500 250 0.54
GSI only 9 5 510 255 0.48
Fishing only 62 13 599 299 0.37
Interaction model (GSI x fishing) 5 3 511 256 0.49
Initial size effect Full model (GSI + fishing) 82 19 714 357 0.24
No covariates 56 10 680 340 0.31
GSI only 71 18 709 355 0.29
Fishing only 91 20 731 366 0.24
Interaction model (GSI x fishing) 64 16 629 314 0.29
Cohort effect Full model (GSI + fishing) 60 12 583 292 0.26
No covariates 62 13 590 295 0.26
GSI only 63 15 590 295 0.26
Fishing only 65 17 600 300 0.32
Interaction model (GSI x fishing) 43 9 588 294 0.31
Year effect Full model (GSI + fishing) 0 1 503 252 0.23
No covariates 6 4 509 254 0.23
GSI only 13 7 527 263 0.23
Fishing only 20 8 541 270 0.23
Interaction model (GSI x fishing) 9 5 519 260 0.23

was evaluated using both the Gelman-Rubin convergence statis-
tic (R = 1) and visual inspection of trace plots (Gelman and Rubin
1992). The use of multiple chains with different starting points
allowed for inspection for evidence of nonconvergence on the

correct distribution.

Results and discussion

The year effect model with latitude, depth, exploitation, and
GSI as covariates (i.e., the full model) was selected as the best
descriptor of summer flounder size deviations (lowest DIC;
Table 3). The six models with lowest DIC were the three annual
effect models and three constant effect models (Table 3). The best
performing models (ADIC = 0-20) included annual effects, GSI,
and exploitation. Within each random effects model type, the
worst performing model was the model with only the exploitation
index covariate included.

The deviation in size anomalies for summer flounder can be
described by annual effects due to the lower DIC (ADIC = 0) and
residual error (0.23) of the annual size model, and those annual
trends are partially driven by the GSI (« = 0.11 £ 0.08) and exploi-
tation (p = 0.09 £ 0.06; Tables 1, 3). The annual model also has the
lowest unexplained marginal variance out of all the tested ran-
dom effects models, implying that this combination of covariates
describes the most variance in the data out of tested models
(Table 3). However, the addition of covariates within the annual
size model did not reduce the unexplained variance. This lack of
reduction in unexplained variance suggests that the unexplained
variance in size deviations is likely annual, with or without the
additional covariates. If we remove the annual random effects
structure or use a different random effects structure, the addition
of the GSI and exploitation covariates both reduce the unex-
plained variance. Thus, evidence suggests that the unexplained
variance is likely due to a process other than exploitation or the
GSI. In the annual model, latitude, depth, the exploitation index,
and the GSI explained the temporal size deviation process. In the
observation model, the mean magnitude of effect was greatest for
latitude (m; = 0.16 * 0.04 per degrees latitude). In the process
model, the mean magnitude of effect was greatest for GSI (« =
0.11+ 0.08). In other words, GSI and the exploitation index impact
postrecruit size, and the greatest size deviation occurs across

years. These covariates indicate that fish length-at-age was above
the expected mean when further north and in positive GSI years.
The process modeled is a mean-reverting AR(1) process that is
autocorrelated across time (8 = 0.73 + 0.05; Fig. 3) with a deviation
around a mean that fluctuates due to annual effects (Fig. 4), the
mean GSI effect (e = 0.11 + 0.08; Fig. 3), and the exploitation index
(p = 0.09 * 0.06; Fig. 3).

Estimated size model and anomaly magnitude

Model results suggest that the deviation in summer flounder
size anomalies are driven by an annual process and that the an-
nual size deviation is constant across ages. The resulting posterior
distribution mean annual size for each sex g and cohort ¢ varied
across time, with positive effects in some years and negative ef-
fects in others (Fig. 4). The annual effect magnitude ranged from
—-0.42 to 0.44 (Fig. 4). The selection of the annual effects model by
DIC implies that there is added variance explained by a random
effects structure that describes the deviation from mean length-
at-age by year (Table 3). The constant model with no covariates
was the second lowest DIC value (i.e., 4 DIC units).

The observation model chosen by model selection included
both the effect of mean depth (n,) and mean latitude (n,). Mean
depth was estimated to have a small effect on the size anomaly
observation model (1, =-0.05 * 0.03 per metre). The mean effect
of mean latitude was larger (n, = 0.16 + 0.04 per degrees latitude).
This implies that fish further north and in deeper waters tend to
be above the mean length for that age (Fig. 2). The posterior for the
mean latitude effect was above zero, and more than 95% of the
posterior for the mean depth effect are below zero, indicating that
these are consistently important effects on summer flounder size
deviation.

Size anomaly drivers

The GSI effect (o = 0.11 + 0.08) implies that as the ocean condi-
tions are warmer (as well as less stratified and more productive
among other characteristics) than their climatological average
(GSIincreases), the lengths-at-age are more likely to be above the
mean length-at-age for postrecruits. More than 93% of the poste-
rior for the GSI effect are above zero, indicating that this is a
consistently important effect on summer flounder size deviation
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Fig. 3. The autocorrelation coefficient (8 = 0.73 + 0.05) of the previous year’s length on the current year’s length posterior distribution, Gulf
Stream Index (GSI) effect coefficient (o = 0.11 + 0.08) on the mean length anomaly posterior distribution, and the normalized exploitation
index effect coefficient (p = 0.09 * 0.06) on the mean length anomaly posterior distribution. The black dotted vertical lines are the mean

estimates for each effect.
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Fig. 4. Annual anomaly posterior distribution density plots for each
summer flounder cohort from 1992 to 2016 for both sexes g. The
horizontal black bar is the median annual anomaly, the vertical
black bars extend the range of the entire annual anomaly posterior,
and the grey shaded region is the posterior distribution.

1.0 A
0.5 1
=
©
€
s}
=
<_( 0.04-{-F-J-F--- P ) R R R N R R S R AN A A - R A G R N
o
=}
c
c
<
—0.5 1
~1.0
T T T T T T T T T T T T T T T T T T T T T T
NMTOWONDNAOANMNMITOONO®DMONO ~ N MTT DO
DD DNNOO0OO0OO0O0O0O00O0O0 A= ed =t =
PPN NOOO0OO0O0O0O0O0O0OO0O0O0O0O0O0O0
A A A A A A NNNNNNNNNNNNNNNNN
Year

(Fig. 3). The direction of effect is positively correlated with the GSI
(i.e., as the GSI is positive, the postrecruit length tends to be above
average, and when the GSI is negative, the postrecruit length
tends to be below average; Fig. 5). The exploitation effect (p =
0.09 * 0.06) implies that as fishing pressure increases, the lengths
are more likely to be above the mean length for postrecruits
(Fig. 6). More than 94% of the posterior for the exploitation effect

T
0.0

Gulf Stream Index effect (a)

T T T u 0-r T T T T
0.1 0.2 0.3 0.4 -0.2 -0.1 0.0 0.1 0.2 0.3
Exploitation Effect (p)

are above zero, indicating that this is a consistently important
effect on summer flounder size deviation (Fig. 3).

When comparing model performance within size deviation
model types, the model that included GSI and fishing effects per-
formed best in the annual and cohort deviation structures, and
the model with no covariates performed best in the constant and
initial size deviation structures (Table 3; Fig. 7). The model with
only the exploitation covariate performed worst in all size devia-
tion structures (Table 3). Model performance and variance ex-
plained improve with the addition of the GSI as a covariate to
predict postrecruit size deviation in combination with the exploi-
tation index, but the addition of only the exploitation index does
not necessarily improve model fit (Fig. 7). It does, however, often
improve variance explained (Table 3). Appendix A summarizes the
sensitivity of model results to the observation error prior and
shows that covariate selection within each model type remains
relatively constant across observation errors tested, but the se-
lected random effects structure is sensitive to the observation
error prior specified. The appendix also presents additional tests
of three alternative climate indices that did not improve model
performances.

Conclusions

We successfully extended the work of Stawitz et al. (2015) by
demonstrating the ability of a state-space model to identify pop-
ulation size deviation patterns from length-at-age data in the
Northwest Atlantic. We identified the drivers of summer flounder
size deviation as annual. In the selected annual model, the de-
scription of size deviation for postrecruits is a shared deviation
across cohorts each year, and these length deviations are highly
autocorrelated over time within a cohort (8 = 0.73 £ 0.05). The
tested covariates suggest that these annual effects may be related
both to GSI and fishing exploitation. However, while the addition
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Fig. 5. The posterior distributions of the total Gulf Stream Index (GSI) effect (aT(t - 1), where a = 0.11 £ 0.08; left y axis) on the mean summer
flounder size anomaly from 1993 to 2016 for the annual deviation model (process model 8). The black horizontal lines mark the median of the
effect on length, and the black vertical bars are the total range of the posterior distribution. Black points are the average annual GSI (right

y axis) and are shifted forward t + 1 on the plot to align with the length-at-age year that was impacted.
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Fig. 6. The posterior distributions of the total exploitation index effect (pF(t — 1), where p = 0.09 * 0.06; left y axis) on the mean summer
flounder size anomaly from 1993 to 2016 for the annual deviation model (process model 8). The black horizontal lines mark the median of the
effect on length, and the black vertical bars are the total range of the posterior distribution. Black points are the normalized average annual
exploitation index (F(t); right y axis) and are shifted forward t + 1 on the plot to align with the length-at-age year that was impacted.
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Fig. 7. The predicted length deviations (lines) * standard deviation (shaded regions) at ages 0-7+ for the top four performing models for two cohorts: the 1991 cohort and 2007 cohort.
The observed length deviations for the 1991 and 2007 cohort at ages 0-7+ is also included (black and grey points, respectively). The top four models include the annual deviations model
with all additive Gulf Stream Index + Fishing Effort covariates, the annual deviations model with no additional covariates, the constant model with all Gulf Stream Index x Fishing Effort
interactive covariates, and the constant deviations with no additional covariates. [Colour online.]
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of annual effects does decrease the marginal variance compared
with the other effects, the addition of fishing, GSI, and their com-
bined effects within the annual effects model does not change the
variance explained by the model. This pattern of variance ex-
plained in each of the tested models combined with the fact that
DIC is prone to overfitting suggests that there is some source of
annual variation in fish size for summer flounder, but we cannot
causally attribute it to the factors considered (Spiegelhalter et al.
2002). However, the increased model performance and variance
explained with the inclusion of the GSIin all other random effects
structures suggest that a basin-wide oceanographic phenomenon
is a useful indicator for summer flounder size deviations by loca-
tion over time regardless of cohort and fishing effort. Summer
flounder productivity appears somewhat dependent on oceano-
graphic conditions, as a positive GSI increases size deviation and
decreases natural mortality (O’Leary et al. 2019).

Studies of summer flounder spatial population structure found
smaller fish in the south and larger fish in the north (Morson et al.
2012, 2015; Terceiro 2016). The positive coefficient on latitude and
negative coefficient on depth estimated (1, = 0.16 * 0.04 per de-
grees latitude; m, = -0.05 * 0.03 per metre) corroborate these
studies and indicate that the lengths of the fish found north and at
depth are more likely to be above the mean length for that age.
However, spatial variation in summer flounder size deviations are
not resolved because it is possible that the larger fish in the south,
where commercial quotas tend to be a larger percentage of the
allocation, were removed by fishing (Terceiro 2016). Alternatively,
there may be a counter-gradient variation in growth (Conover and
Present 1990). We suggest that as more data are collected, a cova-
riate that separates the stock and fishing pressure into more
discrete spatial components be tested to consider spatial hetero-
geneity effects of latitudinal and fishing drivers on summer floun-
der length-at-age.

The size deviation between cohorts in the first year were less
pronounced than annual deviation, as suggested by the higher
DIC value for the initial size model relative to the annual model
(even the reduced form). The higher DIC values for the cohort
model relative to other random effects structures suggests that
(a) there are not emergent cohort-specific drivers of postrecruit size
deviation for summer flounder, (b) any density-dependent effects
on size are not a good indicator of size deviation for summer
flounder, and (c) summer flounder cohorts subsequently grow
based on the expected growth for some consistent annual effect
(Lorenzen 2008). The cohort model differs from the initial size
model because the cohort model specifies that all fish within a
cohort vary in size the same way throughout their entire life (i.e.,
their asymptotic size, or L, is variable but their rate of approach-
ing their asymptotic size, or k, is fixed). The initial size model, on
the other hand, specifies that in the first year the fish in a cohort
vary in size in a similar way. Following that first year in the initial
size model, size deviation is not cohort-dependent. Density-
dependent drivers, including competition and prey availability,
are likely to be drivers of cohort or initial size deviation (Cowan
et al. 2000; Walters and Wilderbuer 2000; Lorenzen and Enberg
2002; Brodziak et al. 2008; Rogers et al. 2011). Summer flounder is
dependent on coastal and estuarine habitats in its juvenile phase,
but there does not appear to be any limiting factor on size devia-
tions in their nursery habitat, highlighting the importance of
initial deviation in size between cohorts or larval transport and
timing of settlement as important drivers of size deviation (Keefe
and Able 1993; Tupper and Boutilier 1995; Beck et al. 2001; Houde
2008; Le Pape and Bonhommeau 2015).

The identification of both exploitation effects and the Gulf
Stream position as indicators to estimate postrecruit summer
flounder length-at-age variation, whether causative or predictive,
is an important tool for managers and stock-assessment scientists
to track length-at-age and reduce uncertainty of one component
of the productivity calculation for summer flounder. The consis-
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tently reduced unexplained variance for all random effects
structures that included an oceanographic condition indicator
(temperature, productivity, salinity, currents, etc.) suggests that
basin-wide climate conditions in the Northwest Atlantic should be
explored further for a causative relationship on summer flounder
length-at-age.

During years in which the GSI increased, (i.e., higher shelf tem-
peratures at depth, stronger current system, and greater ecosys-
tem productivity), summer flounder lengths were more likely to
be above the mean for that age. Baudron et al. (2014) found that
growth variation of North Sea fish is also temperature-driven but
concluded that warmer temperatures reduced the body size of
North Sea fish. The contradiction of the results in this study com-
pared with Baudron et al. (2014) as well as the idea that fish should
be smaller as temperatures increase suggests that the GSI effect
indicator used here may be capturing something other than sim-
ply a physiological response to temperature to describe size devi-
ation (Cheung et al. 2013a, 2013b). However, this descriptive model
does not provide enough information to make concrete or causal
conclusions regarding mechanisms for size deviation. A detailed
growth versus temperature curve needs to be developed to deter-
mine how temperature influences summer flounder physiology
specifically. Interestingly, Miller et al. (2018) found that when
growth rate autocorrelation and temporal random effects were
not modeled, the relationships between environmental covari-
ates and temporal variation in growth rates for George’s Bank cod
(Gadus morhua) can be misidentified. In this case, we estimated
autocorrelation within cohorts and included temporal random
effects. Stawitz et al. (2015) did not include an annual oceano-
graphic index or an exploitation index in their analyses that iden-
tified the importance of annual effects for length-at-age, so we can
not compare this study’s oceanographic and exploitation esti-
mated effects with that study.

The improved model performance and reduction in unex-
plained variance is not as consistent with the inclusion of the
exploitation effect covariate. There was a positive relationship
between exploitation and size deviation for summer flounder in
this study; as fishing pressure increased (after taking into consid-
eration the available biomass), summer flounder lengths-at-
age are more likely to be above the mean length-at-age for
postrecruits (p = 0.09 * 0.06). However, the effect of exploitation
on length-at-age deviation was small. We would not necessarily
expect fishing effort to influence size deviation, but we might
expect fishing effort to influence the total size distribution
(Hilborn and Minte-Vera 2008). However, if the size distribution
varies from year to year, then fishing pressure may affect size
deviation. Fishing effort can influence size indirectly via density-
dependent effects by reducing growth potential as the numbers of
fish increase, as was seen in in the Eastern Baltic cod stock
(Sveding and Hornborg 2014). This small estimated effect of ex-
ploitation on length-at-age in this study may be an artifact of
biased sampling, where the fisheries-independent gear is more
efficient at catching larger fish due to differences in selectivity of
gear used. It can also be an artifact of inconsistent ageing of fish
over time due to different methods of aging used. Alternatively,
the exploitation effects may be too complex of an indicator for
somatic growth because fishing effects on fish size are likely de-
caying, nonlinear, or lagged effects. Fishing effort may be remov-
ing the smaller, faster-growing fish (i.e., Rosa Lee’s phenomenon)
and leaving the larger fish to be sampled by the fisheries-
independent survey used in this study (Ricker 1969; Hilborn and
Minte-Vera 2008). Fishing may also be removing the larger, faster-
growing fish under high fishing mortality, but this signal may be
weaker or more complicated under low fishing mortality, making
this signal difficult to detect. Fishing vessels may also not remove
the larger fish because they inhabit deeper and (or) offshore areas
where fishing vessels do not fish or cannot reach. Finally, the
fishing effort may be responding to the year class deviations,
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available biomass, management size limits, economic market de-
mand, or processor requirements rather than deviations respond-
ing to fishing effort. The fishery may be decreasing efforts when
available sizes or management limits are smaller and vice versa.
Future work should consider investigating the exploitation index
at different lags and pairing this work with economic indicators
to capture this potentially more complex driver of size deviations.

The lack of increase in marginal variance with the addition of
the GSI and fishing covariates in the annual random effects mod-
els suggests that there may be no gain in using oceanographic and
fishing covariates as indicators of size variation over just includ-
ing a temporal random effects structure (Table 3). On the other
hand, O’Leary et al. (2019) found that temporally varying fishing
mortality paired with climate-linked natural mortality hindcasts
past summer flounder abundances with more precision and accu-
racy. The selection of a climate-driven size deviation and a
partially climate-driven natural mortality for summer flounder
suggests that oceanographic conditions driven by the Gulf Stream
are a useful indicator for summer flounder temporal population
dynamics. This finding is particularly important for management,
because these random effects can be used in management models
to project forward the true amount of growth variability. Future
work should investigate a causal relationship between summer
flounder growth and the Gulf Stream and test the predictive skill
of using these fishing and oceanographic covariates for summer
flounder growth. The annual influence of the Gulf Stream loca-
tion over the length-at-age and natural mortality of summer
flounder can be due to any number of factors, including larval
retention in coastal estuaries due to annually varying currents
and current strength, availability of coastal habitat and its quality
based on the larval retention, quality of food sources and predator
densities based on the Gulf Stream location, and physiological
effects based on changing temperatures. Our understanding of
environmental and exploitation mechanisms underlying summer
flounder population dynamics for the purposes of improved pro-
ductivity for forecasting can be improved by isolating salinity,
temperature, habitat productivity, spatial structure effects (in-
cluding spatially specific fishing effort), and additional economic
indicators for summer flounder length-at-age and natural mortal-
ity.
Data availability

All summer flounder biomass, length, and fishing data are pub-
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The Gulf Stream Index data was calculated and provided by
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Appendix A. Growth models tested with additional
climate indices and observation error priors

The observation error was set using the following calculations.
Here, L*(a, t, i) is the length deviations observed for the ith fish of
age ainyeart, where L(a, t) is the vector of such lengths and where
n, is the number of observations in the kth combination of age and
year, L(a, t, i) is the recorded length of the ith fish of age a in year
t, L(a) is the mean length of fish of age a, and o, is the standard
deviation of observed lengths of fish of age a:

L¥(a,t.i) = {M; i= 1,...,nk}
a
o,
SE(a, 1) = —
L)

Here, SE(a, t) is the standard error of the deviations of observed
lengths of fish of age a in year t, where oy, is the standard
deviation of the set Z(a, t), and ny, ,, is the size of the set.

The standard deviation of the observation error was fixed to

_ {max[SE(a,t): a = 0...8, t = 1992...2016] — min[SE(a,?): a = 0...8, t = 1992...2016]}

Tobs 2

so that the observation model becomes
n
L*(a,t,g,i
Y(a’ t, g) = E (%2
i=0

Y(a,t,g) = X(a,t,8) + mla.t,g) + myd(a,t,g) + a,1)

where

&a, t) ~ Normal(0, o)

We tested additional climate indices to when considering envi-
ronmental effects («) as a potential driver because many studies
have shown large-scale oceanographic phenomena can affect
length-at-age patterns due to changes in bottom-up productivity
(Hollowed et al. 2013; Baudron et al. 2014). Here, we tested three
additional environmental indices as a representation of the envi-
ronmental effects on summer flounder size: the Cold Pool Index
(CPI), the North Atlantic Oscillation (NAO), and mean stratified
annual bottom temperatures (BT) in the Northwest Atlantic.

The CPI represents the thermal condition in the Mid-Atlantic
cold pool, not necessarily its volume or areal extent. The cold pool
region was defined as the area where the mean bottom tempera-
ture is less than 12 °C from 1963 to 2013 and was calculated from
the yearly mean bottom temperature residual in September and
October in the region occupied by the cold pool. The NAO repre-
sents the scaled pressure difference between the Azores high
pressure center and the Icelandic low-pressure center and is
correlated with the GSI. The NAO used in this study is the average
NAO index from http:/fwww.cpc.ncep.noaa.gov/products/precip/
CWIlink/pna/nao.shtml. The mean annual stratified bottom tem-
peratures cover the entire Northwest Atlantic shelf region and are
calculated from the NMFS bottom trawl survey data. The results of
each of the climate indices in growth models is found in Table A1.
The alternative climate indices all performed worse than the ini-
tial size model paired with GSI. Out of the alternative climate
indices, the initial size model paired with the CPI and fishing
performed best.

We also tested the growth models with different observation
errors to determine the sensitivity of model selection and perfor-
mance to the observation error prior. The tested standard devia-
tions included fixing it at 0.12, fixing it at 0.85, a uniform
distribution from 0 to 10, a uniform distribution from 0.2 to 0.5,
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and a uniform distribution from 0.3 to 0.8. We calculated the Table Al. ADIC (difference from the best model or
change in DIC from the best model within an observation error lowest DIC) for each of the four size models and pro-
sensitivity experiment (ADIC). Results indicated that as the obser- cess model parameters using alternative climate
vation error is reduced, models that do not allow for a random indices.
effect in the initial size .(cqnstagnt,. C(.)l'.lort,-al‘ld annual) are .unal.ale Model Parameters ADIC
to account for the variation in initial size and the initial size -
model is favored (Table A2). As the observation error increases or Constant NAO + fishing 741
is allowed to approach 0 (as in the uniform distribution from 0 to NAO only. 539
10), the initial size effect model performs poorly, and the calcu- CPI + fishing 501
lated number of effective parameters increases. Overall, covariate CPI only. 535
. 1 . . . BT + fishing 551
selection within each model type (i.e., favoring GSI effect in the BT onl 750
constant, cohort, and annual models and favoring the exploita- y
tion effects in the initial size model) remains relatively constant Initial size effect NAO + fishing 303
across observation errors tested. NAO only 353
CPI + fishing 93
CPI only 471
BT + fishing 372
BT only 321
Cohort effect NAO + fishing 159
NAO only 429
CPI + fishing 403
CPI only 362
BT + fishing 414
BT only 442
Year effect NAO + fishing 450
NAO only 421
CPI + fishing 563
CPI only 146
BT + fishing 338
BT only 503

Note: NAO, North Atlantic Oscillation; CPI, Cold Pool In-
dex; BT, mean stratified annual bottom temperatures.

For personal use only.

Table A2. Sensitivity analysis of observation error prior.
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ADIC ADIC
Model Parameters ADIC 0.12 ADIC 0.85 ADIC U(0, 10) U(0.2, 0.5) U(0.3, 0.8)
Constant Full model (GSI + fishing) 475 1040 206 223 225
No covariates 468 1000 280 116 168
GSI only 464 995 72 112 103
Fishing only 471 1004 280 278 301
Initial size effect Full model (GSI + fishing) 4 5 245 568 4776 926
No covariates 12 113 262132 4049 1268
GSI only 7 29 230 442 5765 1284
Fishing only 0 14 304 899 3601 745
Cohort effect Full model (GSI + fishing) 489 30 150 158 163
No covariates 461 30 142 170 174
GSI only 467 4 118 108 118
Fishing only 456 32 272 317 316
Year effect Full model (GSI + fishing) 478 24 38 17 49
No covariates 468 0 16 57 63
GSI only 465 3 0 0 0
Fishing only 482 21 81 67 50

Note: ADIC values are reported for each model relative to the best performing model within that observation error test. Tested standard deviations include fixed
at 0.12, fixed at 0.85, Uniform(0, 10), Uniform(0.2, 0.5), and Uniform(0.3, 0.8). Bold parameters were the lowest DIC for at least one of the tested scenarios.
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