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Abstract

A previous study documented a correlation between Atlantic Cod (Gadus morhua) recruitment
in the Gulf of Maine and an annual index of the north component of May winds. This correlation was
supported by modeling studies that indicated unusually strong recruitment of Gulf of Maine Atlantic
Cod results from high retention of spring-spawned larvae in years when winds were predominately out
of the north, which favor downwelling. We re-evaluated this relationship using updated recruitment
estimates and found that the correlation decreased between recruitment and wind. The original
relationship was largely driven by two recruitment estimates, one of which (2005 year class) was
highly uncertain because it was near the terminal year of the assessment. With additional data, the
updated assessment estimated lower recruitment for the 2005 year class, which consequently lowered
the correlation between recruitment and wind. We then investigated whether an environmentally-
explicit stock recruit function that incorporated an annual wind index was supported by either the
original or updated assessment output. Although incorporation of the annual wind index produced a
better fitting model, the uncertainty in the estimated parameters and the implied unexploited conditions
were not appropriate for providing management advice. These results suggest the need for caution in
the development of environmentally-explicit stock recruitment relationships, in particular when basing
relationships and hypotheses on recruitment estimates from the terminal years of stock assessment
models. More broadly, this study highlights a number of sources of uncertainty that should be

considered when analyses are performed on the output of stock assessment models.

Introduction

There are a range of approaches to include environmental and ecosystem information in stock

assessments from extended single species models (e.g., environmentally-explicit stock-recruitment
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models) to highly complex ecosystem models (Townsend et al. 2008, Stock et al. 2011). Despite the
relative simplicity of environmentally-explicit single-species models, there are still relatively few
examples of their use in stock assessments. Myers (1998) conducted a meta-analysis and found that
only a few environment-recruitment correlations held up when re-tested with new data. Further, Myers
(1998) cited only 1 of 42 studies where the environment-recruitment relationship was used to modify
management advice (Pacific Sardine) (Jacobson and MacCall 1995) and this relationship has since
been scrutinized (Jacobson and McClatchie 2013). In a review of modeling studies that link
environmental variability to fishery population dynamics, Keyl and Wolff (2008) identified seven
potential causes for “breaking relationships” between the environment and population dynamics: non-
linearity, multi-dimensionality, direct and indirect effects, temporal lags, spatial considerations, effect
of population structure, and spurious regressions. In all but the last cause, the environment-population
link is real and masked by other factors. In the case of spurious regressions, the environment-
population link is not real and is an artifact of limited sample size or auto-correlated time series (Pyper
and Peterman 1998, Granger et al. 2001). Owing to the well-documented occurrence of “breaking
relationships”, before environment-recruitment relationships are used in stock assessment, they should
have a mechanistic basis and be supported by hypothesis testing and re-testing of the relationship with
cross-validation and new data (Myers 1998, Francis 2006, Keyl and Wolff 2008).

Churchill et al. (2011) proposed that recruitment of Gulf of Maine Atlantic Cod was a function
of transport from spawning grounds to nursery habitats in the Gulf of Maine. The focus of the Churchill
et al. (2011) hypothesis was spring spawning in the western Gulf of Maine (Figure 1), which is
concentrated in the area of Ipswich Bay and near Cape Anne from April to June with peak activity in
May (Howell et al. 2008). Based on the results of particle-tracking models, Churchill et al. (2011)

hypothesized that during periods of northward winds (out of the south; upwelling favorable), eggs and
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larvae tend to be flushed out of the western Gulf of Maine and away from local nursery habitats.
Conversely, during periods of southward winds (out of the north; downwelling favorable), eggs and
larvae tend to be advected onshore and successfully transported to juvenile habitats in the western Gulf
of Maine (Howe et al. 2002). Supporting this hypothesis, Churchill et al. (2011) found that recruitment
for western Gulf of Maine Atlantic Cod, as estimated in the 2008 stock assessment (Mayo et al. 2009),
was higher in years with downwelling favorable winds (southward winds) during May and lower in
years with upwelling favorable winds (northward winds) during May.

Our purpose was to further investigate the influence of spring winds on recruitment of Gulf of
Maine Atlantic Cod (Gadus morhua) and to evaluate the resulting environmentally-explicit stock
recruitment function for potential use in stock assessments. We re-evaluated the Churchill et al. (2011)
environment-recruitment correlation using data from a more recent stock assessment conducted in 2011
(NEFSC 2012). We first refined the analyses of Churchill et al. (2011) to improve the empirical
relationship between wind and Atlantic Cod recruitment estimated from the 2008 stock assessment
(Mayo et al. 2009). We then repeated the analysis with updated recruitment estimates from a 2011
stock assessment. After re-evaluating the relationship between wind and recruitment, we fit
environmentally-explicit stock recruit relationships that incorporated the annual wind index as a
covariate. We also examined the effect of different sources of uncertainty on the estimated

environmentally-explicit stock recruitment relationships.

Material and Methods

Our analyses consisted of four parts: 1) refinement of the wind index and correlation analysis
with recruitment estimates from the 2008 stock assessment, 2) re-testing the correlation using
recruitment estimates from the 2011 stock assessment, 3) calculation of standard and environmentally-

4
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explicit stock recruitment relationships using recruitment estimates from both the 2008 and 2011 stock
assessments, and 4) analyses of uncertainty in the environmentally-explicit stock recruitment
relationship including: model configuration, length of data series included, and uncertainty in input

data.

Recruitment and Spawning Stock Biomass Estimates

Recruitment and spawning stock biomass estimates were derived from two stock assessment
models (Table 1): one completed in 2008 (Mayo et al. 2009) and one completed in 2011 (NEFSC
2012). The stock area extends across the western two-thirds of the Gulf of Maine from the coast of
Massachusetts to the U.S.-Canadian border (Figure 1). Both assessment models were based on virtual
population analysis (VPA), which is a cohort-reconstruction technique that uses age-specific removals
from fishing and is tuned to fishery-independent indices of abundance. The loss of fish from a cohort is
an estimate of total mortality. Assuming values of natural mortality, fishing mortality can be estimated
(Quinn and Deriso 1999). Recruitment was defined as the number of age-1 fish in a given year. In the
2008 VPA assessment model, commercial and recreational landings were included for 1982-2007, as
well as commercial discards for years 1999-2007. In the 2011 VPA assessment model, the model
inputs from the 2008 model were updated and a full time series of both commercial and recreational
discards was estimated for years 1982-2010. Natural mortality was assumed to be 0.2 for all years and
ages in both assessment models. Accounting for the 1 year lag between spawning and recruitment,
estimates of spawning stock biomass and recruits were available for 1982-2006 and 1982-2009 for the
2008 and 2011 models, respectively (Table 1).

The VPA model used here was not the final model from the 2011 stock assessment; the final

model was based on the Age-Structured Assessment Program (ASAP; Legault and Restrepo 1998). We
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used results from the VPA model so that any differences in analyses performed on the model output
(comparing the 2008 and 2011 models) are due solely to differences is model output and are not due to
application of a different model structure. The estimates of recruitment and spawning stock biomass
from the final 2011 ASAP model were very similar to the 2011 VPA model estimates used here

(NEFSC 2012).

Wind Data

Churchill et al. (2011) examined the relationship between recruitment and wind averaged over
the month of May. Wind data were from National Data Buoy Center buoy 44013, which is in the
western Gulf of Maine, east of Boston, Massachusetts (Figure 1). This location is proximate to major
spawning and nursery locations of the western Gulf of Maine Atlantic Cod. The data record from this
buoy starts in 1985 and extends over almost all of the assessment period, which begins in 1982 (there is
no wind data to match with recruitment data in 1982, 1983, and 1984). Three refinements were made to
the wind index used in the original analysis of Churchill et al (2011): a) missing data in the wind data
series were statistically estimated using nearby wind measurements; b) the orientation of wind vectors
leading to the maximum correlation between wind and recruitment was calculated; and c) the period
over which wind data were averaged leading to the maximum wind and recruitment correlation was
determined.

There are gaps in the data series from buoy 44013 that reduce the number of years for
comparison between wind and recruitment estimates. Importantly, the year 2006 was missing from the
analyses of Churchill et al. (2011); 2006 was the last year for which recruitment estimates were
available from the 2008 VPA assessment model. To estimate missing wind data for buoy 44013, we

used wind data from buoy 44029, which is located ~20 km to the north-northeast of buoy 44013 and
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just south of Cape Ann, Massachusetts (Figure 1). We calculated linear regressions on the daily north
and east components of wind with data from buoy 44029 as the independent variable and data from
buoy 44013 as the dependent variable. The regressions for both north and east wind components were
highly significant (p<0.001) and explained much of the variance in buoy 44013 data (r>=0.91 for both).
Using the regression equations, we estimated the missing data from buoy 44013. The wind record for

1988 could not be estimated, as data were missing from the records of both buoys 44013 and 44029.

Re-evaluation of Wind-Recruitment Relationship

We evaluated whether the correlation between wind and recruitment could be improved by
changing the period over which the winds were averaged and by altering the orientation of the wind
used in the correlation. We used recruitment estimates from the 2008 VPA assessment model in these
analyses. Churchill et al. (2011) tested the wind-recruitment relationship using north wind stress
averaged over May. Using the estimated wind vectors, we calculated the correlation between wind and
recruitment for wind orientations ranging from -90° to +90° relative to north winds (at 10 degree
intervals; positive is counterclockwise) and for winds averaged over different time periods that bracket
peak spawning: 15 April — 15 May, 1 May — 31 May, and 15 May — 15 June. Southwest winds
(northeastward) averaged over May were found to have the greatest negative correlation with
recruitment (Figure 2). This wind direction is aligned with the dominant axes of the Maine coastline
and would be expected to be most effective in driving offshore Ekman transport, which would
presumably carry larvae offshore and away from local nursery habitats. This is indicated in the
modeling analyses of Churchill et al. (2011) (their Figure 11).

We re-examined the wind-recruitment correlation using recruitment estimates from the 2011

VPA assessment model. A Pearson correlation coefficient was calculated between the original and
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revised wind index and recruitment estimated from the 2011 VPA assessment model. This represents a
“re-test” of the wind-recruitment correlation described by Churchill et al. (2011) with additional and

updated recruitment estimates.

Environmentally-Explicit Stock Recruitment Modeling

Beverton-Holt stock recruit models were fit to estimates of spawning stock biomass (SSB) and
age-1 recruitment from both the 2008 and 2011 VPA assessment models. In addition, the two wind
indices described above (north-south oriented wind and northeastward-southwestward oriented wind)
were used to develop environmentally-explicit Beverton-Holt stock recruit models (Table 1). Both the
standard and environmentally-explicit Beverton-Holt stock recruitment relationships (see below) were

fit using AD Model Builder (http://admb-project.org/, Fournier et al. 2012) assuming a lognormal error

and using maximum likelihood estimation. The models fit easily and no parameter bounds were
needed.

aSSB

= Standard Model .1
(5 5SS andard Mode eq

g = e'8SB Envi tal Model 2
_(1-|-bSSB) nvironmenta ode eq.

Recruitment (R) and spawning stock biomass (SSB) are derived from the 2008 and 2011 stock
assessment, wind (W) is either the northward or northeastward wind index (Table 1). The estimated
values (a, b, and c) are parameters derived through the model fitting. Years with no wind data (1982,
1983, 1984) and missing wind data (1988) were excluded from both the standard and the environmental

model fitting. Akaike Information Criteria with correction for small sample size (AlCc) and AICc
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weights were used to assess model fits (Burnham and Anderson 1998). Variance explained (r?) was

estimated from the model estimated recruitment and the observed recruitment:

. SSerr
SStot

r2=1 eq.3

where SSerr is the sums-of-squares error term and SSiet is the sums-of-squares total term from the model
fit. AICc was used to compare the fit of the models and r?> was used to estimate approximately how
much variance in recruitment is explained by the different models. It should be recognized, however,
that the r? estimate will be inflated as more independent variables are added (i.e., the inclusion of the
environmental term).

From the parameter estimates of the stock recruitment relationship (a, b, and c), steepness (h),
virgin recruitment (Ro), and virgin spawning stock biomass (So) were also calculated. These parameters
are useful for comparing between stocks, and for calculating reference points used in stock assessments
(Myers et al. 1999, He et al. 2006). It is straightforward to derive a translation between the present

parameterization (a, b, and c) and one which uses h, Ro, and So

b= 0.2 -a-sry 4
08 f+02-a sm ¢q:
a-srg—pf
0= eq.5
ST
_a __a-ecw' p
a= or a=—p eq.
=1 eq
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ST0,year = R = fage,year e “hyear eq.8
0 age=1 i=1

where srq is unexploited spawning stock biomass per recruit, fageyear is fecundity at age in a given year,
and Miyear is the natural mortality at age in a given year. To calculate sro, we take the mean of the most
recent five years for each biological parameter for each assessment. This gives sro values of 21.81 and
22.53 for the 2008 and 2011 VPA models. Note that in eq. 8, fecundity-at-age was calculated as the

product of maturity-at-age and weight at age.

Evaluation of Uncertainty

Our approach of using assessment model output to estimate stock-recruitment models can be
problematic. There are errors associated with assessment model estimates of both spawning stock
biomass and recruitment that are not accounted for in the subsequent stock-recruitment models; this
creates bias in the parameter estimates of stock recruitment models (Ludwig and Walters 1981, Walters
and Ludwig 1981, Quinn and Deriso 1999). Depending on the degree of bias, the underlying
relationship between spawning stock biomass and recruitment could be masked such that it is not
apparent that a relationship even exists (Quinn and Deriso 1999).

To evaluate the effect of uncertainty in the assessment models estimates of spawning stock
biomass and recruitment on the fits of the stock-recruitment functions, we used two approaches: 1)
bootstrapped estimates of spawning stock biomass and recruitment from both assessment models and
2) retrospective estimates of spawning stock biomass and recruitment from both assessment models.

The output of the bootstrapped and retrospective assessment models were subjected to the same
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methods of model fitting described above. The bootstrap model runs were used to examine the
uncertainty in parameter estimates of both the standard and environmental stock recruitment models,
while the retrospective model runs were used to evaluate how sensitive any estimated stock recruitment
relationships were to the time series of spawning stock biomass and recruitment estimates and the time
series of environmental data.

The bootstrapping approach was used for both the 2008 and 2011 VPA models on data through
2005 so that both models had the same length of time series and only differed in model configuration.
For this exercise, 500 new input files were generated for the assessment models in which the residuals
from each of the relative abundance index fits were standardized and randomly sampled to generate
"new" relative abundance indices. Both the 2008 and the 2011 VPA assessment models were then fit to
each of these new input files resulting in bootstrapped estimates of spawning stock biomass and
recruitment. Because of the convergent property of the VPA, only a handful of the most recent years
will show variability in the spawning stock biomass and recruitment estimates. Nevertheless, the
bootstrap runs were evaluated in lieu of simply adding noise to the assessment model estimates because
adding noise would have required a subjective decision about the error distribution and coefficient of
variation (CV), as well as the degree of correlation in errors added to the two time series.

The retrospective analysis evaluated the effect of incorporating additional years of data on the
spawning stock biomass and recruitment estimates. These estimates can vary depending on the length
of the assessment time series; in particular, more recent estimates of recruitment are often highly
sensitive to the amount of information on which they are based. For example, the estimate of
recruitment in 2005 likely will be different if the VPA includes data through 2010 instead of through
2007. When the data are available only through 2007, then the 2005 estimate of recruitment is based on

limited information from one or two data points per fisheries-independent surveys because that year-
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class has yet to recruit to the fishery. When data through 2010 are incorporated into the model, then
there are five years of observations from surveys and several years of catch from which to estimate the
cohort size. Retrospective analyses successively drop 1, 2, 3, ..., n years of data from the time series in
the VPA model. The estimates of spawning stock biomass and recruitment in year y can then be
examined for each retrospective model to evaluate the stability of the spawning stock biomass and
recruitment estimates, and to determine their dependence on additional years of data. These
retrospective analyses were conducted by removing data back to 2000 for both the 2008 and the 2011

VPA assessment models.

Results

Test of the Wind-Recruitment Relationship

The correlation between the original northward wind index derived by Churchill et al. (2011)
and recruitment from the 2008 VPA assessment model was -0.67 (p<0.01). The correlation between the
estimated northward wind index, which included data from an additional year, was -0.62 (p<0.01). The
correlation between the estimated and rotated northeastward wind index was -0.71 (p<0.001). Thus,
utilizing winds with an orientation coincident with the along-shore axis, as opposed to the north-south
direction, resulted in a greater degree of correlation between wind and recruitment as estimated in the
2008 VPA assessment model. When recruitment estimates from the 2011 VPA assessment model were
analyzed, the correlation between wind and recruitment decreased substantially. The correlation
between the northward wind stress and recruitment was -0.26 (p>0.05), and the correlation between the
northeastward wind stress and recruitment was -0.34 (p>0.05).

The difference between the recruitment estimates from the two assessment models was largely
caused by a decrease in the estimated recruitment of the 2005 year class from the 2008 to the 2011

12
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VPA assessment model (Table 1). The 2008 VPA assessment model estimates of spawning stock
biomass were generally higher than the 2011 VVPA assessment model estimates, and the estimates of
recruitment were generally lower (Figure 3). Compared to the 2011 VPA, the 2008 VPA assessment
model estimated higher spawning stock biomass in 2006 and substantially higher recruitment in 2005.
The differences between the results of the two assessments can primarily be attributed to changes in the
underlying data (e.g., incorporation of additional sources of catch and discards) and incorporation of

additional years of data (NEFSC 2012).

Environmentally-Explicit Stock Recruitment Models

2008 VPA Assessment Model - The environmental stock-recruitment models fit the spawning stock
biomass and recruitment estimates better than the standard model. The environmental model
formulation using northeastward winds fit better than the formulation using northward winds. Most of
the AICc weight was associated with the environmental model using northeastward winds (weight =
0.77) and ~54% of the variance in recruitment was explained with northeastward wind model
compared to ~0% with the standard model.

The environmental models estimated slightly lower steepness and a larger estimate of
unexploited recruitment (Ro) than the standard model (Table 2). Over a range of + 1 standard deviation
of the mean wind, the environmental models predict different stock-recruitment relationships, with both
a higher slope at the origin and higher recruitment with greater northward and northeastward winds
(Figure 4). Comparison of the recruitment residuals from the standard model compared to wind
illustrate the wind effect. As northward winds increase, recruitment decreases even after accounting for

spawning stock biomass (Figure 4).
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2011 VPA Assessment Model - Based on the spawning stock biomass and recruitment estimates
determined from data through 2010, the environmental models fit the spawning stock biomass and
recruitment data better than the standard model. However, the amount of recruitment variance
explained from the 2011 model estimates is approximately half of that explained from the 2008 model
estimates. The parameters of the stock-recruitment function changed as well, with the 2011 VPA
assessment model estimates leading to changes in the estimates of steepness and unexploited
recruitment compared with the 2008 VPA assessment model (Table 2, Figure 5). The recruitment
residuals from the standard model compared to wind illustrate the wind effect. As northward winds
increase, recruitment decreases even after accounting for spawning stock biomass, but the correlation is
lower based on the recruitment estimates from the 2011 VPA Assessment compared to the 2008 VPA

Assessment (Figure 5).

Comparison of the 2008 and 2011 VPA Assessment Models - The relationship between northeastward
wind stress and recruitment developed by Churchill et al. (2011) and modified here explained ~50% of
the variance in the recruitment estimates originating from the 2008 VPA assessment model (Mayo et al.
2009). With the updated 2011 VPA assessment model, recruitment of the 2005 year-class was
estimated to be less and subsequently the relationship between northeastward wind stress and
recruitment was less, explaining ~17% of the variance in estimated recruitment.

Most estimated parameters (a, b, So, and Ro) for both the Standard and Environmental model
had extremely high coefficients of variation (Table 2), which indicates that the data are not sufficiently
informative with respect to these parameters. Examining the fit over the implied range of recruits and
spawning biomass (from the origin to unexploited conditions), it is apparent that there is no data to

inform unexploited conditions (i.e., the asymptote of the curve), nor is there any data to inform the rate
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of descent to the origin (Figure 6). With such a limited range in estimated spawning biomass and the
large range of estimated recruitment, the large CVs on estimated parameters are to be expected.

Consequently, even the “best” fitting model is unreasonable.

Evaluation of Uncertainty

Model Configuration - To evaluate the effect of model configuration on the estimates of spawning
stock biomass and recruitment, we used data from 1982 to 2007 in both the 2008 and 2011 VPA
assessment models. As noted previously, the 2005 year-class was estimated to be unusually large in the
2008 VPA assessment model (with data from 1982 to 2007) but was estimated to be about average in
the 2011 VPA assessment model (with data from 1982 to 2009). Using input data from 1982 to 2007,
the 2008 and 2011 VVPA assessment models produced similar estimates of recruitment in 2005 (Figure
7). This demonstrates that the decrease in the estimate of the 2005 year-class size was due primarily to
considering additional years of data in the model and was not related to the set-up of the 2011 VPA
assessment model. However, the 2011 VPA assessment model included updated landings and discards

estimates (NMFS 2012).

Bootstrapping Input Time Series - The bootstrapping analyses revealed differences between the stock-
recruitment parameters estimated from the two assessment models with input data from 1982-2005; the
b parameter was slightly lower and there was less variance in parameter estimates for the 2011 VPA
assessment model compared to the 2008 VPA assessment model (Figure 8). Yet, the model fits were
very similar with the majority of AIC weights being assigned to the environmentally-explicit stock-

recruitment model for both assessment models. These results support the conclusion that configuration
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of the assessment model was not responsible for the decreased fit of the environmentally-explicit stock
recruitment function estimated from the 2011 VPA assessment model.

Evaluation of the stock recruitment relationship (eq 1 and 2) parameters from the bootstrapped
assessment model estimates shows the two parameters (a and b) are highly correlated but vary among
stock-recruitment models (eg. 1 and eq 2) and assessment models (2008 and 2011) (Figure 9). The
environmental model (eq. 2) parameters are lower and less variable than the standard model (eq 1)

parameters.

Retrospective Analysis of Model Outputs - The retrospective analyses indicated that the length of the
data series included in the assessment models played an important role in the estimates of spawning

stock biomass and recruitment (Figure 10). As an example, for the 2011 VPA assessment model, the
2006 estimate of spawning stock biomass decreased with each year of additional data included in the
assessment model. Similarly, the 2005 estimate of recruitment decreased with each year of additional
data included in the assessment model. This recruitment estimate is of particular interest because the

change in this estimate resulted in the decrease in the correlation between wind and recruitment.

Discussion

Wind and Atlantic Cod Recruitment

The work of Churchill et al. (2011) suggested a possible relationship between northward wind
stress and recruitment, which prompted our exploration of environmentally-explicit stock recruitment
relationships for use in deriving biological reference points. Based on the 2008 VPA assessment
estimates of spawning stock biomass and recruitment, the environmentally-explicit stock recruitment

relationship explained a large amount of variance in recruitment (~54%, Table 2). The re-calculation of
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the correlation between northeastward wind-stress and recruitment with additional years of data
provided a re-test of the Churchill et al. (2011) hypothesis sensu Myers (1998). Using the 2011 VPA
assessment model estimates, the explained variance of the environmentally-explicit stock recruitment
model was ~17% (Table 2). This decrease in explained variance was due to the lowering of the 2005
recruitment estimate in the 2011 relative to the 2008 VPA assessment model. These results suggest
caution when using the output of a stock assessment as data in subsequent analyses; specifically it is
important to include the uncertainty in the estimates resulting from a stock assessment in any
subsequent analyses.

The retrospective analysis conducted here supports an explanation for the decrease in
correlation between wind stress and recruitment; specifically, highly uncertain estimation of
recruitment in the terminal years of the 2008 VPA assessment model. The high 2005 recruitment
estimate resulted from two survey tows that caught a very large number of fish from that year class,
one in the spring of 2007 and one in the spring of 2008 (NEFSC 2012). The 2008 VPA assessment
model included only the mean catch from the 2007 and 2008 trawl surveys and did not account for the
large variance (or imprecision) around these means caused by these two very large catches (NEFSC
2012). The VPA models explored during the 2011 VVPA assessment, which did account for the
imprecision of these observations, did not exhibit severe retrospective patterns (NEFSC 2012).
Reduced retrospective patterns were also found for the statistical catch-at-age (ASAP) model that was
ultimately adopted during the 2011 assessment (NEFSC 2012). Further, the 2011 VPA assessment
incorporated three additional years of survey observations of the 2005 year class, as well as
observations of discards and landings of that year class from the commercial and recreational fisheries.
None of the additional data showed any evidence that the year class was exceptionally large. In general,

imprecision in terminal year estimates of recruitment is a well-known phenomenon, and many
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assessments constrain terminal year estimates to be closer to the mean of whatever process is used to
model recruitment. When attempting to fit a stock recruitment model outside of the assessment model,
the possibility of greater uncertainty in the terminal year estimates of both spawning stock biomass and
especially recruitment needs to be considered.

The examination of the Churchill et al. (2011) hypothesis of a relationship between wind stress
and recruitment in Gulf of Maine Atlantic Cod is complicated by considerations of stock structure. The
Gulf of Maine Atlantic Cod stock is composed of fish captured throughout the Gulf of Maine (see
Figure 1). The hypothesis of Churchill et al. (2011) applies to the spring-spawning Atlantic Cod in the
western Gulf of Maine, which is only a portion of the Gulf of Maine Atlantic Cod stock. Recent genetic
evidence and an interdisciplinary stock structure analysis suggests at least two sub-populations in the
western Gulf of Maine: winter-spawning and spring spawning (Kovach et al. 2010, Kerr et al. 2014,
Zemeckis et al. 2014). Spring and winter spawning sub-populations were not differentiated in the
assessment models analyzed here. Further, the distribution of Atlantic Cod has contracted from east to
west, with numbers decreasing over-time in the eastern Gulf of Maine (Alexander et al. 2011, NEFSC
2013). An explanation for the lack of correlation between springtime northeastward wind stress and
recruitment could be due to a changing ratio over time of recruits resulting from winter and spring
spawning and changing importance of spawning locations. This possibility highlights the general need
to better understand the spatial structure of marine fish populations and their relationship to the
environment (see Cadrin and Secor 2009, Goethel et al. 2011).

Although the correlation between northeastward wind stress and recruitment decreased with the
inclusion of new data, there remains evidence supporting the Churchill et al. (2011) hypothesis. The
environmental model fits better than the standard model (Table 2). It is possible that wind stress has a

significant impact on egg and larval survival by affecting supply to juvenile nurseries, but that other
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processes are also important in determining recruitment (Rothschild et al. 2005, Lough and O’Brien
2012, Friedland et al. 2013). If data were available on the abundance of eggs, larvae and juveniles at
multiple points within that first year of life, and if the associated selectivity (or catchability) were
available for each data source, then one could use a multi-stage Beverton-Holt model that incorporated
interval-specific survival within the first year (Brooks and Powers 2007). Such an approach would
require explicit hypotheses about which intervals in that first year of life feature density dependent
mortality. Further, a juvenile abundance index or recruitment estimate that can be segregated on the
basis of spawning time and location would allow for a more focused test of the Churchill et al. (2011)

hypothesis.

Reference Points

Biological reference points are used to determine the status of a stock. Stock assessments are
used to estimate the current spawning stock biomass (Bcurrent) and fishing rate (Fcurrent), Which are then
compared to the biological reference points. Two common reference points that can be derived from a
stock recruitment relationship are biomass at maximum sustainable yield (Bwmsy) and the fishing rate
that produces maximum sustainable yield (Fmsy). Typically, if Beurrent is less than 0.5 Busy the stock is
classified as overfished and if Fcurrent is greater than Fusy the stock is classified as experiencing
overfishing. These classifications are then followed by changes in management and regulation. During
the 2008 VPA assessment of Gulf of Maine Atlantic Cod, deriving reference points from the stock
recruitment relationship was rejected owing to the poor fit of the standard stock-recruitment model (see
Table 2). Instead, management advice was based on using F40% as a proxy for Fmsy (NEFSC 2008).
The biological parameters (weights-at-age, maturity-at-age) and fishery selectivity-at-age were

averaged over the period 2003-2007 and used to calculate Fago.
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Although the environmentally-explicit stock recruitment model provided a better fit than the
standard stock-recruitment model, the estimated steepness, unexploited SSB, and unexploited R were
high, and similar to the standard stock recruitment model. In addition most of the parameters had very
high coefficients of variation indicating poor precision (Table 2). Thus, the results from the
environmental model are inappropriate for application to management advice. Steepness estimated
from the environmental model is comparable to estimated steepness for gadids (0.81 compared to 0.79)
(Myers et al. 1999) but questions remain about the validity of wind-recruitment hypothesis. The strong
correlation between the parameters of the stock-recruitment relationship also presents problems for
defining reference points, but the parameter space and correlation between parameters was smaller for
the environmental model. Furthermore, the unexploited spawning stock biomass was estimated
between 460,000 — 570,000 t compared to the current range of ~7,000-26,000 t. Although higher
spawning stock biomasses are inferred from studies of historical catches (Alexander et al. 2011), a ~50
fold increase in spawning stock biomass is difficult to envision. An additional concern is that there are
no observations anywhere near Sp and Ro, meaning that those values are extrapolations well beyond the
range of observed values; this likely contributed to the extremely large CVs on those parameters.
Without strong evidence for the northeastward wind stress effect on recruitment and questions
regarding the credibility of the fitted relationship, the use of the environmentally-explicit stock
recruitment relationship developed here to define reference points and provide management advice for

Gulf of Maine Atlantic Cod is not currently justified.

Uncertainty

Our study highlights the importance of recognizing the various sources of uncertainty

associated with assessment model output. Ecological, oceanographic, and ecosystem studies frequently

20



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

treat the output from single-species stock assessments as data (Hare and Able 2007; Churchill et al.,
2011). However, there are at least three sources of uncertainty to recognize: 1) the uncertainty in the
assessment model estimates; 2) the fact that estimates are conditional on the length of time-series used
in the assessment model; and 3) the estimates are conditional on the assessment model structure. In
addressing the first form of uncertainty, we explored the fit of stock recruit models to the bootstrapped
output. This analysis demonstrated the effect of recruitment uncertainty on the resulting stock recruit
relationship.

Uncertainty due to the length of time series was highlighted by the change in correlation of
wind and recruitment between the 2008 and 2011 VPA assessments, as well as the decrease in
explained variance of the environmentally-explicit stock recruit function. This is due in part to the
greater uncertainty in these terminal years of the assessment because there is the least amount of data
for estimating the size of these year-classes. With subsequent years of data, as year classes recruit to
the fishery and are observed in the catch-at-age and in the surveys at multiple ages, the estimates of
their abundance stabilize. The largest difference between the 2008 and 2011 VPA assessment models
was the data included, with the 2011 model having longer time series and more complete catch data.

Between-model uncertainty can arise due to different model structures, including different
assumptions about parameter values or distributions. Ralston et al. (2011) demonstrated that between-
model uncertainty could be greater than within model uncertainty. In the present study, we compared
bootstrapped distributions from the 2008 and 2011 model run on the same length of time series, and
found them to be similar, indicating that between model differences were not a significant source of

uncertainty.

Environment-Recruitment Relationships
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Keyl and Wolff (2005) developed a list of explanations for spurious correlations in stock
recruitment relationships. To this list, uncertainty in the estimation of spawning stock biomass and
recruitment should be added. Estimating the relationship within the assessment can potentially avoid
this problem. If internal estimation of a stock recruit function is not possible, one approach to reduce
the influence of uncertain estimates is to exclude recent estimates of recruitment and spawning stock
biomass from environment-recruitment analyses. Another approach might be to use a jackknife to
evaluate the influence of individual observations on the stock-recruitment relationship (Efron 1981).
Performing retrospective analyses might suggest the number of years that need to be excluded.
Alternatively, one could set a general rule of thumb to exclude year classes that have not yet appeared
in the fishery catch at age.

Whatever the approach taken to estimate stock recruit relationships, a thorough consideration of
model diagnostics is necessary. For instance, in the present example, simply examining AlCc would
suggest that the environmental model provides the best fit. Model convergence was supported by
gradients that were generally <10°. However, the CVs for the estimated parameters indicate minimal
confidence in the stock recruitment models and plotting the predicted function over the entire implied
domain identified just how limited the observed range was. These results indicate that the stock-
recruitment models are not adequate for management recommendations.

The potential of spurious environmental relationships due to retrospective patterns does not
negate the utility of exploring the inclusion of environmental information in stock assessments.
However, Myers (1998), Keyl and Wolff (2008), and our study indicate that caution is needed. Further,
Haltuch et al. (2009) and Haltuch and Punt (2011) offer examples where inference about reference
points can be riskier when environmental data are included, and Francis (2006) demonstrated less

accurate recruitment predictions when based on a spurious environmental-recruit relationship. Careful
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examination is needed of the estimated stock-recruitment relationship in the context of steepness, virgin
spawning stock biomass and virgin recruitment. These results indicate that stock assessment scientists,
oceanographers, and ecologists need to work closely in the translation of oceanographic and

environmental information into stock assessments and ultimately management advice.

Acknowledgments

We wish to thank the participants of the 2011 Gulf of Maine Atlantic Cod stock assessment working
group for their comments and input during the development of this work. We also thank the NMFS
Fisheries and the Environment program which funded the initial work of Churchill et al. (2011) (FATE
Project 08-02) and funded Hare (FATE Project 10-08) to examine environmentally-explicit stock
recruitment models. We also thank Richard Langton and three anonymous reviewers for comments on
an earlier draft of this manuscript. We thank Rich Bell for advice regarding the fitting of
environmentally-explicit stock recruitment relationships in R. We also acknowledge the contributions
of James lanelli (NMFS AFSC) who reviewed the manuscript and provided code for the
environmentally explicit stock recruitment models in ADMB; our initial efforts were with MatLab and
R. Acknowledgment of the above individuals does not imply their endorsement of this work; the
authors have sole responsibility for the content of this contribution. The views expressed herein are

those of the authors and do not necessarily reflect the views of NOAA or any of its sub-agencies.

Literature Cited

Alexander, K. E., Leavenworth, W. B., Cournane, J., Cooper, A. B., Claesson, S., Brennan, S., Smith,
G., Rains, L., Magness, K., Dunn, R., Law, T. K., Gee, R., Jeffrey Bolster, W. and Rosenberg, A. A.

23



2009. Gulf of Maine cod in 1861: historical analysis of fishery logbooks, with ecosystem implications.
Fish and Fisheries 10: 428-449. doi: 10.1111/j.1467-2979.2009.00334.x

Brooks, E. N. and J. E. Powers. 2007. Generalized compensation in stock-recruit functions: properties
and implications for management. ICES Journal of Marine Science 64:413-424.

Burnham, K. P. and D. R. Anderson. 1998. Model selection and multimodel inference: a practical
information-theoretic approach. Springer, New York.

Cadrin, S. X. and D. H. Secor. 2009. Accounting for spatial population structure in stock assessment:
past, present, and future. The future of fisheries science in North America:405-426.

Castonguay, M. C. M., S. P. S. Plourde, D. R. D. Robert, J. A. R. J. A. Runge, and L. F. L. Fortier.
2008. Copepod production drives recruitment in a marine fish. Canadian Journal of Fisheries and
Aguatic Sciences 65:1528-1531.

Churchill, J. H., J. Runge, and C. Chen. 2011. Processes controlling retention of spring-spawned
Atlantic cod (Gadus morhua) in the western Gulf of Maine and their relationship to an index of
recruitment success. Fisheries Oceanography 20:32-46.

Clark, W. G. 2002. F 35% Revisited Ten Years Later. North American Journal of Fisheries
Management 22:251-257.

Efron, B. 1981. Nonparametric estimates of standard error: the jackknife, the bootstrap and other
methods. Biometrika 68: 589-599.

Fournier, D. A., H. J. Skaug, J. Ancheta, J. lanelli, A. Magnusson, M. N. Maunder, A. Nielsen, and J.
Sibert. 2012. AD Model Builder: using automatic differentiation for statistical inference of highly
parameterized complex nonlinear models. Optimization Methods and Software 27:233-249.

Francis, R.1.C.C. 2006. Measuring the strength of environment-recruitment relationships: the
importance of including predictor screening within cross-validations. ICES Journal of Marine Science,
63: 594-599.

Friedland, K. D., J. A. Hare, G. B. Wood, L. A. Col, L. J. Buckley, D. G. Mountain, J. Kane, J. K. T.
Brodziak, G. Lough, and C. Pilskaln. 2008. Does the fall phytoplankton bloom control recruitment of
Georges Bank haddock, Melanogrammus aeglefinus, through parental condition? Canadian Journal of
Fisheries and Aquatic Sciences 65:1076-1086.

Friedland, K. D., J. Kane, J. A. Hare, G. R. Lough, P. S. Fratantoni, M. J. Fogarty, and J. A. Nye. 2013.
Thermal habitat constraints on zooplankton species associated with Atlantic Cod (Gadus morhua) on
the US Northeast Continental Shelf. Progress in Oceanography 116: 1-13.

24



Gabriel, W. L., M. P. Sissenwine, and W. J. Overholtz. 1989. Analysis of spawning stock biomass per
recruit: an example for Georges Bank haddock. North American Journal of Fisheries Management
9:383-391.

Goethel, D. R., T. J. Quinn 11, and S. X. Cadrin. 2011. Incorporating spatial structure in stock
assessment: movement modeling in marine fish population dynamics. Reviews in Fisheries Science
19:119-136.

Granger, C. W. J., N. Hyung, and Y. Jeon. 2001. Spurious regressions with stationary series. Applied
Economics 33:899-904.

Hare, J. A. and Able, K. W. 2007. Mechanistic links between climate and fisheries along the east coast
of the United States: explaining population outbursts of Atlantic croaker (Micropogonias undulatus).
Fisheries Oceanography 16: 31-45. doi: 10.1111/j.1365-2419.2006.00407.x

He, X., M. Mangel, and A. MacCall. 2006. A prior for steepness in stock-recruitment relationships,
based on an evolutionary persistence principle. Fishery Bulletin 104:428-433.

Howe, A., S. Correia, T. Currier, J. King, and R. Johnston. 2002. Spatial distribution of ages 0 and 1
Atlantic cod (Gadus morhua) off the eastern Massachusetts coast, 1978-1999, relative to ‘Habitat Area
of Special Concern’. Pocasset, MA: Massachusetts Division of Marine Fisheries. Technical Report
TR12:35.

Howell, W. H., M. Morin, N. Rennels, and D. Goethel. 2008. Residency of adult Atlantic cod ( Gadus
morhua) in the western Gulf of Maine. Fisheries Research 91:123-132.

Jacobson, L. D. and A. D. MacCall. 1995. Stock-recruitment models for Pacific sardine (Sardinops
sagax). Canadian Journal of Fisheries and Aquatic Sciences 52:566-577.

Jacobson, L. D. and S. McClatchie. 2013. Comment on temperature-dependent stock—recruit modeling
for Pacific sardine (Sardinops sagax) in Jacobson and MacCall (1995), McClatchie et al. (2010), and
Lindegren and Checkley (2013). Canadian Journal of Fisheries and Aquatic Sciences 70: 1566-15609.

Kerr L. A., S. X. Cadrin and A. I. Kovach. 2014. Consequences of a mismatch between biological and
management units of Atlantic cod in U.S. waters. ICES Journal of Marine Science.

Keyl, F. and M. Wolff. 2008. Environmental variability and fisheries: what can models do? Reviews in
Fish Biology and Fisheries 18:273-299.

Koster, F. W., C. Mollmann, H. H. Hinrichsen, K. Wieland, J. Tomkiewicz, G. Kraus, R. VVoss, A.
Makarchouk, B. R. MacKenzie, and M. A. St John. 2005. Baltic cod recruitment-the impact of climate
variability on key processes. ICES Journal of Marine Science 62:1408-1425.

25



Koster, F. W., D. Schnack, and C. Mollmann. 2003. Scientific knowledge of biological processes
potentially useful in fish stock predictions. Scientia Marina 67:101-127.

Kovach, A. I., T. S. Breton, D. L. Berlinsky, L. Maceda, and 1. Wirgin. 2010. Fine-scale spatial and
temporal genetic structure of Atlantic cod off the Atlantic coast of the USA. Marine Ecology Progress
Series 410:177-195.

Legault, C. M. 2009. Report of the retrospective working group, January 14-16, 2008, Woods Hole,
Massachusetts. Center Reference Document 09-01:1-30.

Link, J. S. 2002. What does ecosystem-based fisheries management mean? Fisheries 27:18-21.

Lough, R. G. and L. O’Brien. 2012. Life-stage recruitment models for Atlantic cod (Gadus morhua)
and haddock (Melanogrammus aeglefinus) on Georges Bank. Fishery Bulletin 110:123-140.

Ludwig, D. and C. J. Walters. 1981. Measurement errors and uncertainty in parameter estimates for
stock and recruitment. Canadian Journal of Fisheries and Aquatic Sciences 38:711-720.

Mayo, R., G. Shepherd, L. O’Brien, L. Col, and M. Traver. 2009. The 2008 VPA Assessment of the
Gulf of Maine Atlantic cod (Gadus morhua) stock. US Dept Commer, Northeast Fish Sci Cent Ref
Doc:09-03.

Myers. 1998. When do environment-recruitment correlations work? Reviews in Fish Biology and
Fisheries 8:285-305.

Myers, R. A., K. G. Bowen, and N. J. Barrowman. 1999. Maximum reproductive rate of fish at low
population sizes. Canadian Journal of Fisheries and Aquatic Sciences 56:2404-24109.

Northeast Fisheries Science Center (NEFSC). 2012. 53rd Northeast Regional Stock Assessment
Workshop (53rd SAW) Assessment Report. US Department of Commerce, Northeast Fisheries Science
Center Reference Document 12-05, 559 pp.

Northeast Fisheries Science Center (NEFSC). 2013. 55th Northeast Regional Stock Assessment
Workshop (55th SAW) Assessment Summary Report. US Department of Commerce, Northeast
Fisheries Science Center Reference Document 13-01, 42 pp.

NMFS, E. P. A. P. 1999. Ecosystem-based fishery management. Silver Spring, Maryland.

Pikitch, E. K., C. Santora, E. A. Babcock, A. Bakun, R. Bonfil, D. O. Conover, P. Dayton, P.
Doukakis, D. Fluharty, B. Heneman, E. D. Houde, J. Link, P. A. Livingston, M. Mangel, M. K.
McAllister, J. Pope, and K. J. Sainsbury. 2004. ECOLOGY:: Ecosystem-Based Fishery Management.
Science 305:346-347.

Pyper, B. J. and R. M. Peterman. 1998. Comparison of methods to account for autocorrelation in
correlation analyses of fish data. Canadian Journal of Fisheries and Aquatic Sciences 55:2127-2140.
26



Quinn, T. J. and R. B. Deriso. 1999. Quantitative Fish Dynamics. Oxford University Press, New York,
NY.

Ralston, S., Punt, A. E., Hamel, O. S., DeVore, J. D., and Conser, R. J. 2011. A meta-analytic approach
to quantifying scientific uncertainty in stock assessments. Fishery Bulletin 109: 217-231.

Richardson, D. E., J. A. Hare, M. J. Fogarty, and J. S. Link. 2011. Role of egg predation by haddock in
the decline of an Atlantic herring population. Proceedings of the National Academy of Sciences
108:13606-13611.

Rothschild, B. J., C. Chen, and R. G. Lough. 2005. Managing fish stocks under climate uncertainty.
ICES Journal of Marine Science 62:1531-1541.

Stock, C. A., M. A. Alexander, N. A. Bond, K. M. Brander, W. W. L. Cheung, E. N. Curchitser, T. L.
Delworth, J. P. Dunne, S. M. Griffies, M. A. Haltuch, J. A. Hare, A. B. Hollowed, P. Lehodey, S. A.
Levin, J. S. Link, K. A. Rose, R. R. Rykaczewski, J. L. Sarmiento, R. J. Stouffer, F. B. Schwing, G. A.
Vecchi, and F. E. Werner. 2011. On the use of IPCC-class models to assess the impact of climate on
Living Marine Resources. Progress In Oceanography 88:1-27.

Townsend, H., J. Link, K. Osgood, T. Gedamke, G. Watters, J. Polovina, P. Levin, N. Cyr, and K.
Aydin. 2008. Report of the NEMoW (National Ecosystem Modeling Workshop). NOAA Technical
Memorandum NMFS-F/SPO-87:93.

Walters, C. J. and D. Ludwig. 1981. Effects of measurement errors on the assessment of stock-
recruitment relationships. Canadian Journal of Fisheries and Aquatic Sciences 38:704-710.

Zemeckis, D. R., D. Martins, L. A. Kerr, and S. X. Cadrin. 2014. Stock identification of Atlantic cod
(Gadus morhua) in US waters: an interdisciplinary approach. ICES Journal of Marine Science: Journal
du Conseil, fsu032.

27



Table 1. Estimates of spawning stock biomass (SSB) and corresponding age-1 recruits for both the
2011 and 2008 VPA assessment models. The two wind indices also are included (northward wind
index, and northeastward wind index). Recruits have been lagged by 1 year so that for a given row, the

value of SSB aligns with the resultant number of age-1 fish.

Recruits
SSB (t) (000s) SSB (t)  Recruits (000s)

2011 2011 2008 2008 Northward Northeastward
Year  (Year) (Year+1) (Year) (Year+1) Wind Wind
1982 26,581 12,861 25,269 7,824 NA NA
1983 20,601 13,832 19,234 10,454 NA NA
1984 16,877 11,703 16,984 6,591 NA NA
1985 15,522 14,612 16,941 10,124 0.46 0.28
1986 14,072 17,226 19,077 12,552 0.57 -0.42
1987 13,473 32,911 15,583 24,233 -0.61 -0.62
1988 12,835 5,079 16,153 4,189 NA NA
1989 17,068 5,640 21,656 4,076 1.87 1.61
1990 23,016 9,227 28,014 6,834 0.46 0.40
1991 20,210 9,315 19,650 6,245 1.18 0.67
1992 12,559 11,389 11,681 9,004 -0.62 0.24
1993 8,924 3,885 10,096 3,148 0.55 0.19
1994 7,565 4,243 10,484 3,771 -0.11 -0.43
1995 8,395 3,602 13,319 3,513 0.39 0.33
1996 9,190 5,583 11,742 5,195 0.96 0.68
1997 7,811 5711 9,707 4414 1.70 0.66
1998 7,246 11,085 10,699 7,731 -0.64 -0.19
1999 8,077 7,323 11,138 3,956 -0.05 0.37
2000 11,368 1,754 14,133 1,170 0.28 0.53
2001 15,813 8,178 17,624 4,869 -0.19 0.03
2002 15,525 2,547 18,387 1,653 1.05 0.44
2003 12,515 8,597 16,236 10,794 -0.92 -0.21
2004 10,635 5,420 13,398 6,613 0.57 0.43
2005 9,197 8,107 10,684 23,571 -2.80 -2.02
2006 8,284 6,662 18,688 4,741 -1.01 -0.44
2007 10,714 7,664 NA NA -0.43 -0.55
2008 12,650 4,033 NA NA -0.08 -0.26
2009 13,800 1,811 NA NA 1.12 1.10
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Table 2. Estimated parameters and fit statistics for the standard (eq 1) and environmental (eq 2)
Beverton Holt stock recruitment model based on spawning stock biomass and age-1 recruitment
estimates from the 2008 and 2011 VVPA assessment models. Two environmental models were fit: one
using northward winds and one using northeastward winds. For the environmental model, the mean

wind index was used to calculate So and Ro (see equation 6). The coefficient of variation (CV) of the

parameter estimates are provided, which is the ratio of the standard deviation of the parameter estimate

in relation to the parameter estimate.

Environmental Model
Environmental Model (Northeastward

Parameter Standard Model (Northward Winds)  Winds)
Estimate cv Estimate Estimate

5 4663  6.50 0985  1.16 0.858  0.91
T b 7.334E-04  7.12  9.002E-05  2.04  6.652E-05  1.85
2 -0.398  0.34 -0.671  0.28
é h 0.963 0.24 0.840  0.18 0.817  0.16
3 S0 1.419E4+05  0.59  2.214E+05  0.85  2.531E+05  0.91
2 RO 6.298E+03  0.59  9.826E+03  0.85  1.123E+04 0091
S Al 53.003 48.587 45.916

S w 0.022 0.204 0.774

§ r2 -0.084 0.381 0.541

(o]

- a 1476 117 0.850  0.63 0.795  0.56
T b 1.374E-04  1.90  3.719€-05  2.04  2.791E-05  2.21
= -0.289  -0.46 -0.481 -0.38
g h 0.893  0.13 0.821 0.1 0.809  0.10
2 S0 2.348E+05 072  4.658E+05  1.40  5.704E+05  1.64
3 RO 1.042E+04 072  2.067E+04  1.40  2.532E+04  1.64
< AlCc 54.891 53.518 51.649

> w 0.124 0.247 0.629

3 n -0.023 0.101 0.171

(o]
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Figure Captions

Figure 1. Map showing the Gulf of Maine Atlantic Cod stock area and the locations of Atlantic Cod

spawning and local nursery habitats in the western Gulf of Maine. Locations of buoys used for wind

data are marked.
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Figure 2. Correlation between recruitment and wind speed as a function of wind orientation and the
period over which winds were averaged. Prior to analyses, missing data from NODC Buoy 44013 were
estimated with data from NODC Buoy 44029 (see Figure 1). These values were then correlated with
the recruitment estimates from the 2008 VVPA assessment model. The correlation between the May

winds without estimating missing values (“unfilled”) and recruitment is also shown.
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Figure 3. Comparison of spawning stock biomass and recruitment estimates from the 2008 and 2011

VPA assessment models. Spawning stock biomass from 2006 is highlighted as is recruitment of the

2005 year-class. These two estimates exhibit the greatest difference between the two assessment

models.
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Figure 4. Environmentally-explicit stock-recruitment relationships based on the 2008 VPA assessment

model. Two environmental formulations are shown: 1) the original Churchill et al. (2011) formulation

but with an estimated data series (labeled Northward Winds, panel A, C, E) and 2) estimated data series

with Northward Winds rotated -30° counterclockwise of north (labeled Northeastward Winds, panel B,

D, F). A, B) The stock-recruitment estimates and model fit for the standard model (eq.1) and the
environmentally-explicit model (eq. 2) at the mean wind index. The shading of the stock-recruitment
pairs reflects the strength of the wind. C, D) The environmentally-explicit model fit at the mean wind

index and at +/- 1 standard deviation. E, F) Scatterplot of the wind index and the residuals from the

standard stock recruitment model (eq. 1).
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Figure 5. Environmentally-explicit stock-recruitment relationships based on the 2011 VPA assessment

model. Two environmental formulations are shown: 1) the original Churchill et al. (2011) formulation

but with an estimated data series (labeled Northward Winds, panel A, C, E) and 2) estimated data series

with Northward Winds rotated -30° counterclockwise of north (labeled Northeastward Winds, panel B,

D, F). A, B) The stock-recruitment estimates and model fit for the standard model (eq.1) and the
environmentally-explicit model (eq. 2) at the mean wind index. The shading of the stock-recruitment
pairs reflects the strength of the wind. C, D) The environmentally-explicit model fit at the mean wind

index and at +/- 1 standard deviation. E, F) Scatterplot of the wind index and the residuals from the

standard stock recruitment model (eq. 1).
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Figure 6. Environmentally-explicit stock-recruitment relationships based on the 2008 (A) and 2011
VPA (B) assessment model. The environmental model includes Northeastward Winds. The stock-
recruitment estimates and model fit for the standard model (eq.1) and the environmentally-explicit
model (eq. 2) at the mean wind index. The shading of the stock-recruitment pairs reflects the strength
of the wind. The data and functions are the same as shown in Figures 4B and 5B. Where the
replacement line (thin black line) intersects the functions represents estimated “virgin conditions”.
There is no data to support the estimates of “virgin conditions” and the lack of contrast in spawning
stock size is one factor contributing to the highly variable parameter estimates derived from fitting the

stock recruitment relationships (Table 2).
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Figure 7. Comparison of the bootstrapped 2005 spawning stock biomass and recruitment estimates
from the 2008 and 2011 VPA assessment models. Both models were fit with 1982 to 2005 data (from

the retrospective analysis) as a comparison of assessment model configuration.
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Figure 8. Comparison of the bootstrapped stock-recruitment parameters from the 2008 and 2011 VPA

assessment models. Both models were fit with 1982 to 2005 data (from the retrospective analysis) as a

comparison of assessment model configuration. Parameters from both the standard (eq 1, SM) and the

environmentally-explicit (eq. 2 EM) stock recruitment functions are provided.
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Figure 9. Comparison of the relationship of bootstrapped stock-recruitment parameters from the 2008
and 2011 VPA assessment models. Both models were fit with 1982 to 2005 data (from the
retrospective analysis) as a comparison of assessment model configuration. Parameters from both the
standard (eq 1, SM) and the environmentally-explicit (eq. 2 EM) stock recruitment functions are
provided. It is important to note that these values are not directly comparable to those presented in

Table 2, because the values shown here are based on the same data input: 1982-2005.
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Figure 10. Retrospective analysis of spawning stock biomass and recruitment from the 2008 and 2011

VPA model estimates. Error bars represent the standard deviation in the estimate based on 1000

bootstrapped estimates of the indices used in the assessment model. The last few years of each

retrospective assessment are shown. Retrospective analyses use the same model configuration but vary

the years included in the model.
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